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Rivers play a crucial role in maintaining ecosystems and regional climates, while also providing essential water for irrigation and drinking. With the increasing impacts of climate change and human activities, rivers are becoming more prone to extreme events (droughts and floods) and induced erosion/deposition processes, making water-related risk management more challenging. The recent launch of the Surface Water and Ocean Topography (SWOT) mission, which focuses on continental surfaces with a spatial resolution of 100 m, has opened new avenues for applications in hydrology, hydrodynamics, and geomorphology. This study examines the initial results of the SWOT mission for sixteen rivers (ranging in width from 50 to 2,000 m) in the Cuvette Centrale of the Congo Basin, obtained in April 2023 during the fast sampling phase. The study assesses water surface elevations (WSE) and backscatter coefficient (σ0) measured from SWOT. Comparisons of WSE with data from other radar altimetry missions (Sentinel-3A and 3B, Jason-3, and Sentinel-6A) and GEDI data show high correlation coefficients of 0.977 (with a bias of 0.538 m) and 0.992 (with a bias of 1.011 m), respectively. The first maps of WSE slopes show realistic values, even in rivers less than 100 m wide, with steeper slopes upstream. Various WSE longitudinal profiles are retrieved with unprecedented spatial resolution, surpassing what other nadir altimetry missions have achieved. The σ0 values, between −10 and 20 dB on average, also appear consistent with other studies. These promising initial results pave the way for future studies on fluvial geomorphology dynamics and erosion/deposition processes from the new SWOT observations.
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1 INTRODUCTION
Most of the Earth’s freshwater is found in glaciers and ice caps, groundwater and surface water. In the ‘surface water’ reservoir, the volume of freshwater originating from rivers represents only 0.006% of the total stock of freshwater on Earth (Gleick, 1993) but it plays an essential role in the water cycle (Wu et al., 2023). Rivers are also of fundamental ecological importance for the maintenance of ecosystems, the regional climate and the development of human societies. In particular, they provide the water needed for irrigation and freshwater for drinking (Boergens et al., 2017; Wu et al., 2023). Sometimes, they constitute transportation corridors for remote places (Tshimanga et al., 2022). They also play an essential role in hydrological and biogeochemical cycles (Yamazaki et al., 2019). In contrast to these essential aspects, river flooding causes the destruction of crops, settlements and infrastructure (Boergens et al., 2017). In addition, with climate change and increasing human activities, rivers are subject to unprecedented extreme events (floods and droughts) that are difficult to manage (Kreibich et al., 2022; Yang et al., 2021). It is therefore essential to study rivers in greater detail and to have a continuous spatio-temporal monitoring of water levels. However, over the last few decades, the number of in situ stations has sharply fallen especially in developing countries and moreover, access to them is often limited and their spatial coverage is unsuitable for regional/global monitoring (Group et al., 2001). To face this decline, Earth observations (EO) are increasingly used for monitoring surface water levels, extent and storage (Cretaux et al., 2023; Fassoni-Andrade et al., 2021; Papa et al., 2023; Papa and Frappart, 2021). Until recently, only radar altimetry among the different EO techniques was able to provide a temporally continuous monitoring of water levels, but spatially limited along the satellite groundtracks due to the nadir-looking configuration of the radar sensor (Abdalla et al., 2021; Cretaux et al., 2023). The Surface Water and Ocean Topography (SWOT) mission now permits an almost complete monitoring of inland water bodies at a spatial resolution of 100 m and a repeat cycle of 21 days (Fu et al., 2024). This unprecedented capability offers new perspectives for hydrology, hydrodynamics, and fluvial geomorphology applications such as the determination of river profiles due to the requirement of a maximum error of 1.7 cm/km for river slopes (Biancamaria et al., 2016).
The river profiles reflect both tectonic activity (i.e., upflift and subsidence which define the landscape) and morpho dynamics which is related to erosion and deposition processes modifying the topography (Seybold et al., 2021; Sinha and Parker, 1996; Whipple and Tucker, 1999). Generally concave, their slope is more pronounced in the upstream parts of the basin than downstream. Erosion of fluvial systems is governed by the total stream power which is function of the drainage area [a proxy of river discharge (Wobus et al., 2006)] and of the energy slope approximated by the water surface slope (Barker et al., 2008; Whipple and Tucker, 1999). While tectonics primarily drive river profile concavity, climate also significantly influences this characteristic (Chen et al., 2019).
EO-based observations of rivers profile and slope rely on the main following techniques: Global Positioning System (GPS)/Global Navigation Satellite Systems (GNSS) surveys, interpolations between the water levels derived from radar altimetry acquisitions, Synthetic Aperture Radar (SAR) Interferometry (InSAR). GPS/GNSS data surveys are generally based on the processing of data acquired by a mobile geodetic receiver that permits an accuracy of a few centimeters in the height estimates. This technique was used to estimate river profiles and slopes in large river basins such as the Amazon (Bourrel and Pouilly, 2004; Charriere et al., 2004; Callède et al., 2013; Medeiros Moreira, 2016), to generate dense surveys of river surface elevation along and across the river stream (Brasington et al., 2000), which can be used for validation of satellite estimates as in the case of the airborne campaign such as the ones made for preparing the SWOT mission (AirSWOT) (Altenau et al., 2017). Radar altimetry was also used to determine river profiles along large rivers such as Amazon, Congo, Brahmaputra and Mekong (Birkett et al., 2002; Boergens et al., 2017; Frappart et al., 2005; Jiang et al., 2017; Koblinsky et al., 1993; Leon et al., 2006). The major limitations of this technique are either the limited coverage of the radar altimetry groundtracks for most of the missions (from 80 km considering the 35-day repeat period of ERS/ENVISAT/SARAL to 315 km considering the ∼10-day repeat orbit from Topex-Poseidon/Jason-1,2,3/Sentinel-6 at the equator) or the low temporal resolution when using Cryosat-2 which has an equatorial cross-track separation of 7 km on its 369-day repeat orbit (see Frappart et al., 2017 for the orbital characteristics of the high accuracy radar altimetry missions) or using ICESat-2 (Scherer et al., 2023). Simultaneous SAR acquisitions at C-band from different incidence angles were achieved to generate the shuttle radar topography mission digital elevation model (SRTM DEM) using InSAR. The presence of winds and waves produces surface roughness that generates backscattering over rivers, and hence, water surface was derived. This information was used to derive reliable river profiles and slopes over rivers longer than 700 km over the whole Amazon Basin (LeFavour and Alsdorf, 2005). Although longitudinal profiles of water levels on different rivers have been carried out in all the studies mentioned above, spatial altimetry has limited spatial coverage, with too few data on rivers with strong hydrological dynamics.
In December 2022, the Surface Water Ocean Topography (SWOT) mission, the result of a cooperation between the Centre National d'Etudes Spatiales (CNES) and the National Aeronautics and Space Administration (NASA), was launched, and it is the first space mission dedicated to continental hydrology, including river monitoring. Unlike previous other radar altimetry missions such as the 10-day Jason-1/2/3/Sentinel-6A, 27-day Sentinel-3A/B and 35-day ERS-2/Envisat/Saral missions, this mission will provide coverage of all continental waters at a spatial and temporal resolution never before achieved. The aim of this study is to (1) explore the first results of the SWOT mission for retrieving hydrological parameters such as Water Surface Elevation (WSE), (2) compare SWOT data with other datasets, and (3) assess the contribution of this new mission compared with the other radar altimetry missions currently employed but not dedicated to continental hydrology.
2 STUDY SITE
The Congo Basin, located in equatorial Africa, is a transboundary basin that crosses nine countries: Zambia, Tanzania, Cameroon, Burundi, Rwanda, Republic of Congo, Democratic Republic of Congo, Angola and Central Africa Republic (Figure 1A; (Kitambo et al., 2022)). Its size and mean annual river flow of 3,687,000 km2 and 40,500 m3 s−1 respectively, makes it the second largest basin in the world after the Amazon (Alsdorf et al., 2016). The Congo Basin is mainly traversed by the 6,650 km-long Congo River, which rises in the southern Katanga Plateau in the southeastern Democratic Republic of Congo and flows into the Atlantic Ocean.
[image: Figure 1]FIGURE 1 | Location of the study site. (A) Location of the Congo Basin, (B) land cover over the Cuvette Centrale and (C) SWOT daily node track acquired on April 2023 over the Cuvette Centrale (rectangular gray frame).
Within the central basin is a shallow depression of 1,176,000 km2, called the “Cuvette Centrale”, and extends from coordinates 3°S to 3°N in latitude, and from 16°E to 22°E in longitude (Betbeder et al., 2014; Becker et al., 2018; Frappart et al., 2021). The Cuvette Centrale plays an essential role in the carbon and hydrological cycles of the Congo basin (Betbeder et al., 2014; Kitambo et al., 2022; 2023). This area was formed during the Pliocene epoch by a filling in of sediments to form a shallow basin with very few variations in topography (average slope less than 7 cm/km between Kisangni and Kinshasa, (Devroey, 1959)) and slow-flowing rivers contributing to the formation of large wetlands (Bwangoy et al., 2010). This area is bordered by high plateaus and mountains.
The Cuvette Centrale has an equatorial climate, with average annual rainfall ranging from 1,800 to 2,200 mm/year and an annual evaporation rate of 1,050 mm/year (Bultot, 1971). The vast floodplain of the Cuvette Centrale is a complex hydrological system, with a large number of tributaries and swamps (Datok et al., 2022). The vast Cuvette Centrale floodplain contains the confluences of the main Congo River and two of its major tributaries, the Ubangi River in the north and the Sangha River in the south. Water levels at the outlet of the Congo Basin are subject to a bimodal flooding regime, with a main high-water peak in November-December, a secondary peak in April-May, a main low-water peak in August and a lower low-water peak in February-March. These high-water periods cause localized flooding along the rivers (Frappart et al., 2021c).
These floods are at the origin of a very diverse vegetation in the Cuvette Centrale (Figure 1B). Indeed, this area is mainly covered by forested wetland and is one of the largest swamp forests in the world (Alsdorf et al., 2016; Betbeder et al., 2014; Dargie et al., 2017). Several cover types have been distinguished in the Cuvette Centrale: closed to open broadleaved forest regularly flooded located along rivers, closed to open broadleaved evergreen or semi-deciduous forest, closed broadleaved deciduous forest, mosaic of vegetation/croplands, grassland and shrubland (Figure 1B).
More details on the Cuvette Centrale’s geological history, physiography, hydrology and vegetation are given in Alsdorf et al. (2016), Betbeder et al. (2014), Datok et al. (2022), and Kadima et al. (2011).
3 MATERIALS AND METHODS
3.1 Surface water ocean topography (SWOT)
3.1.1 Mission characteristics
The Surface Water Ocean Topography (SWOT) mission was developed by the Centre National d'Etudes Spatiales (CNES) and the National Aeronautics and Space Administration (NASA), with contributions from the Canadian Space Agency (CSA) and the United-Kingdom Space Agency (UKSA). The mission was launched on 15 December 2022. After its launch, the first 3 months were used for technical verification, followed by 3 months for calibration/validation, and then a minimum of 36 months for Earth mapping (Fu et al., 2024). Its main objectives are to measure both oceans and continental water surfaces, making it the first space mission developed for continental hydrology. SWOT measures water surface elevation, slope and water masks. Water surface elevation (noted WSE in the rest of the manuscript) is defined as the distance between the top of the water surface and a given reference surface (geoid, ellipsoid), which is different from the water depth corresponding to the distance between the water surface and the river bed (Biancamaria et al., 2016). The SWOT mission has the capability to meet or exceed the science requirements on rivers wider than 100 m and probably below this width limit (Fu et al., 2024).
Several instruments composed the payload of the SWOT mission. As other classical radar altimetry missions, a nadir altimeter Poséidon-3C working in Ku and C bands is installed and provides information in one dimension. However, the novelty of the SWOT mission is the Ka-band Radar Interferometer (KaRIn), which is a Synthetic Aperture Radar (SAR) interferometer using Ka band (35.75 GHz) with nadir incidence angles ranging from 0.6° to 3.9° (Fjørtoft et al., 2014). Two SAR antennas separated by a 10 m mast provide, for the first time, high-resolution 2D maps of spatial water heights, among others, on either side of the nadir. KaRIn operates in bistatic mode and gives images with pixel size of ∼6 m in the direction of the satellite orbit and from 10 m to 60 m in the range direction [see Fjørtoft et al. (2014) for more details]. These pixel sizes are given for images acquired in “radar projection” and multilooked, and thus are not corresponding to geolocated projection. Finally, the spatial resolution is about 22 m in the azimuth direction. SWOT will observe all continental surfaces every 21 days with revisit times depending on the location on Earth.
Summarized information on the SWOT mission are provided in Table 1 and in Fjørtoft et al. (2014) and Biancamaria et al. (2016).
TABLE 1 | A summary of the Surface Water Ocean Topography (SWOT) mission characteristics.
[image: Table 1]3.1.2 Products
Various products are available free of charge from CNES and NASA at https://search.earthdata.nasa.gov/(last accessed on 21 March 2024) and https://hydroweb.next.theia-land.fr/(last accessed on 6 March 2024). Six products are currently available for continental surfaces:
• L2_HR_PIXC: Water Mask Pixel Cloud
• L2_HR_PIXCVec: Water Mask Pixel Cloud Auxiliary Data
• L2_HR_Raster: Raster NetCDF 100 or 250 m
• L2_HR_RiverSP: River Single Pass Shapefile (reaches and nodes)
• L2_HR_RiverAvg: River Single Pass Shapefile (reaches and nodes)
• L2_HR_LakeSP: Lake Vector Single Pass Shapefile
• L2_HR_LakeAvg: Lake Vector Cycle-Averaged Shapefile
At present, data acquired during the calibration/validation period in April-May-June 2023 are available, and data acquired since the satellite was placed in nominal orbit (since July 2023) are being processed and will be delivered shortly. Products from the calibration/validation phase correspond to version 1.1, and those obtained during the nominal acquisition phase are identified by version 2.0.
For our study, we used data acquired during the calibration/validation phase and therefore have daily data. We used the shapefile SWOT Level 2 River Single-Pass Vector Data Product, version 1.1, identified as “L2_HR_RiverSP”. The product is more precisely the version C PIB0 of KaRIn science data products. The WSE, slope and width variables are available in this product. On the Cuvette Centrale du Congo, 18 runs were obtained between 7 April 2023 and 25 April 2023. The track of the data obtained is shown in Figure 1C. Sixteen rivers were overflown by the SWOT mission in this area during the calibration/validation phase (see their names and locations in Figure 1C).
The product used contains records for each reach of the river covered by the granule concerned, and initially identified as river reaches in the SWOT River Database (SWORD), defined by the SWOT scientific group. The SWORD database combines several global river and satellite datasets to define the nodes and reaches that will make up the SWOT river vector data products (Altenau et al., 2021). Each reach (∼10 km) is divided into a number of nodes in the SWORD database. Reaches are defined in nodes which are spacing of approximately 200 m along the river concerned. For node products, basic hydrological attributes are measured by SWOT as WSE, river width and water surface area. Measurements in this Shapefile River product are defined as dots. Backscatter coefficient (noted as Sigma0, σ0) is also available in this product, which tells us about the type of soil.
3.1.3 Method
3.1.3.1 All data
SWOT “L2_HR_RiverSP” data (i.e., WSE, river width and backscatter coefficient) were filtered to remove outliers in every grid cell contained in each reach. To do this, the Z-score method was used, based on the following calculation (Equation 1) (Seo, 2006):
[image: image]
With:
X: value to test
[image: image]: mean of all points in each grid cell
[image: image]: standard deviation of all points in each grid cell
For data not to be deleted, its z-score must be between −3 and 3, which corresponds to a confidence level of 99%.
3.1.3.2 Slope
Mean of SWE for each river were smoothed using a sliding average on 10 values using the following equation for each point x of the river (Equation 2):
[image: image]
With:
n: number of sampling
N: consecutive values used to calculate the slipping mean, here 10 values
Using the WSE smoothed data, slope of WSE have been calculated for each river using the following Equation 3:
[image: image]
With:
y: water surface elevation changes between two consecutive points (mm)
x: distance difference between the two consecutive points (km)
3.2 Data intercomparison
3.2.1 Radar altimetry-based time series of water levels
As no in situ water levels are available in the Cuvette Centrale during the acquisition time period of SWOT, time series of water levels derived from Sentinel-3A (since 2016, 27-day repeat period) and 3B (since 2018, 27-day repeat period), Sentinel-6A (since 2020, 10-day repeat period) and Jason-3 (since 2016, 10-day repeat period) over the Cuvette Centrale (i.e., virtual stations) were used to compare with SWOT and GEDI WSE. Altimetry tracks for Jason-3, Sentinel-3A and 3B, and Sentinel-6A are shown in Figure 1C.
The principle of radar altimetry is as follows: a radar altimeter emits an electromagnetic wave in the nadir direction and measures the time it takes for the wave to make the round trip. The distance between the satellite and the Earth’s surface (called altimeter Range R0) is derived to an accuracy of a few centimeters. Knowing the satellite’s altitude H relative to a reference ellipsoid and considering the various types of corrections to be made (mainly related to wave propagation in the atmosphere, and geophysical corrections), it is then possible to retrieve the water height according to the following equation (Chelton et al., 2001; Frappart et al., 2017; Normandin et al., 2018):
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ΔRpropagation + ΔRgeophysical parameters are defined as following:
[image: image]
ΔRion represents the atmospheric refraction range correction caused by the ionosphere’s free electron content and its dielectric properties, while ΔRdry accounts for the correction due to the dry gas component of the troposphere. ΔRwet, on the other hand, represents the correction associated with the water vapor and cloud liquid water content in the troposphere.
[image: image]
With ΔRsolid Earth and ΔRpole are the corrections respectively accounting for crustal vertical motions due to the solid Earth and pole tides.
For each altimetry mission used, the data processing steps are the same. The input data used are L2 input files supplied in GDR/IGDR format by the space agencies CNES, ESA and NASA data centers. The retracking algorithm used here is OCOG. The processing consists of the following three steps: (1) extraction, selection and reading of the measurements for each input file, (2) calculation of the altimetric water heights along each track and cycle and (3) extraction of the data. All these steps are detailed in Frappart et al. (2015) and Normandin et al. (2018).
Over our study site, 45 virtual stations, defined as a cross section between altimetry tracks and rivers, were used to compare water surface elevations from the Hydrowebnext database and from the SWOT mission. Locations of these virtual stations are also presented in Figure 1C with white crosses. All these virtual stations are freely available at Hydrowebnext (https://hydroweb.next.theia-land.fr/). Virtual station is a time series of water surface elevations.
3.2.2 GEDI lidar data
3.2.2.1 GEDI mission characteristics
The NASA Global Ecosystem Dynamics Investigation (GEDI) installed aboard the International Space Station (ISS) is a full-waveform LiDAR instrument. Since April 2019, it has produced high-quality measurements of surface vertical structures. It is equipped with three 1,064 nm lasers. The acquired footprints along the eight tracks are separated by 600 m across the track, and 60 m along the track, with a footprint diameter of 25 m. The echoed waveforms are digitized to a maximum of 1,246 bins with a vertical resolution of 1 ns (15 cm) (Dubayah et al., 2020).
3.2.2.2 GEDI data product
Two GEDI data products were used in this study, the level 1B (L1B), and level 2A (L2A). These data products (L1 & L2) are available from the NASA Land Processes Distributed Active Archive Center (LP DAAC). In this study, from the release version V2 of the L1B data product (Dubayah et al., 2021b) and L2A data product (Dubayah et al., 2021a), we extracted the following variables derived from the processing algorithm a1 which demonstrated the best overall performance over water bodies (Fayad et al., 2022b): (1) the latitude, longitude, and elevation of the lowest mode (i.e., surface return); (2) the latitude, longitude, and elevation of the instrument; (3) the number of detected modes (num_detectedmodes); (4) the width of the Gaussian fit to the received waveform “rx_gwidth” (hereafter referred to as gwidth); (5) the amplitude of the smoothed waveforms lowest detected mode “zcross_amp” (hereafter referred to as amp); (6) the amplitude of each detected mode within the waveform “rx_modeamps”; (7) the mean and standard deviation of the background noise (mean and stddev). Next, the viewing angle (VA in degrees) and the signal-to-noise ratio (SNR in dB) were calculated for each GEDI shot (Fayad et al., 2022b; Nie et al., 2014). To calculate the SNR, the maximum amplitude within an acquired waveform, defined as the maximum of up to 19 possible values of rx_modeamps as well as the mean and standard deviation of the noise are used. The distance between the location of a GEDI shot and the location of the GEDI instrument projected at nadir onto the WGS84 reference ellipsoid and the altitude of GEDI instrument over the referenced ellipsoid at acquisition time of shot are used to calculate the viewing angle.
3.2.2.3 GEDI data filtering
The GEDI dataset comprises 44 acquisition dates, spanning from April 2019 until March 2023. Not all GEDI shots are useable since LiDAR returns can be strongly degraded due to the presence of clouds, water, and aerosols. Therefore, several filters were performed to remove non-viable shots:
• Since a footprint acquired over a water surface should only have a single return, as such, all acquired GEDI shots with a number of detected modes different from one (num_detectedmodes ≠ 1) were removed.
• After the application of the first filter, a second filter was applied that removed the shots having an elevation difference to the SRTM DEM of more than 50 m (Rodríguez et al., 2006).
• A third filter based on the median of absolute deviations (MAD) were used in order to minimize the potential impact of the residual outliers (Fayad et al., 2022a; Leys et al., 2013). The third filter is applied on each river by a 10 km transect. First, the median is calculated for each transect using all GEDI elevations (GEDI(i)) found on the transect (MT). Next, the absolute deviation from the median was calculated for each GEDI measurement along each transect (ADT(i) = abs(GEDIT(i) - MT)), followed by the median of absolute deviations (MADT = median(ADT(i)), and finally the standard deviations (stdT = 1.4826.MADT) were calculated. Only GEDI elevations within the range [MT - 2.stdT, MT + 2.stdT] were retained as in Frappart et al. (2024).
• Finally, a last filter is applied using the gwidth parameter. According to Fayad et al. (2022b), points with gwidth >25 have been removed.
On the sixteen rivers studied, 4,748 points were retained after applying the various filters for comparisons with other datasets.
The available GEDI elevations are relative to the WGS 84 ellipsoid. SWOT and Hydrowebnext elevations are referenced to EGM2008. In order to compare all our datasets, GEDI elevations needed to be referenced through the same vertical datum. Thus, the elevations provided by GEDI were converted to EGM2008 using EGM2008 provided by SWOT data.
3.2.3 IRIS database
ICESat-2 river surface slope (IRIS) database is composed of measures of water surface slope everytime the satellite ICESat-2’s orbit crosses a reach. Water surface slopes are derived from ICESat-2 ATL13 observations, detailed and validated in Scherer et al. (2023). The version used is Version v2.3 and is freely available at https://zenodo.org/records/7098114. The product provides the minimum, maximum and average slope derived with three different approaches (accross, along and combined per reach). Reaches used in this database are the same as those defined by the SWORD version v2 product for SWOT mission (Altenau et al., 2021).
3.2.4 Other datasets
A digital elevation model (DEM) was used in our study. The Forest And Buildings removed Copernicus Digital Elevation Model (FABDEM) is a DEM at one arc second (∼30 m) grid spacing. This global DEM has been developed using machine learning to remove buildings and forests from the Copernicus Digital Elevation Model (Hawker et al., 2022). This DEM is freely available at https://data.bris.ac.uk/data/dataset/s5hqmjcdj8yo2ibzi9b4ew3sn. Compared to former DEM, this one is better suited to applications that require accurate terrain heights, in particular flood simulation (Hawker et al., 2022).
4 RESULTS
4.1 Filters
Daily SWOT data acquired from 6th to 24 April 2023 were used to derive river profiles in the Cuvette Centrale. The Z-score method was applied to remove outliers. Longitudinal profiles derived from SWOT WSE and sigma0 (σ0) before and after filtering are presented for 4 rivers (Figure 2). The selected profiles correspond to the most recurrent longitudinal profiles (x-axis is the distance from the outlet) of water level and backscattering coefficient on all the rivers analyzed (a total of sixteen rivers lie below the SWOT track, see Figure 1C for their locations). The different types of profile obtained are as follows: plateau, straight, with a steep peak and parabola. For each profile, the x-axis is corresponding to the distance from the outlet (km).
[image: Figure 2]FIGURE 2 | Examples of raw and filtered SWOT data: Uele River (A, B), Mbari River (C, D), Congo River (E, F) and Maringa River (G, H). For each example, data acquired during April 2023 is shown, from 6th to 24th.
In the example of the Uele river (Figures 2A, B), the filtering process produces a longitudinal profile of water heights, with water heights ranging from an average of 390 m at 2,280 km from the outlet to 470 m at 2,440 km. Different levels are visible with gentler slopes (0.110 m/km) around 2,280 to 2,330 km from the outlet, and at the end of the profile around 2,410 to 2,440 km from the outlet with a slope of 0.220 m/km. Rapid changes of altitude corresponding to cascades are observed, as between 2,350 and 2,352 km from the outlet with a slope of 5.5 m/km or from 2,395 to 2,408 km from the outlet with a slope of 1.2 m/km (Figure 2B). All the daily data shown in Figure 2B are not scattered (mean std ±0.88 m) and the mean profile is clearly visible.
In the case of the Mbari river (Figures 2C, D), filtering of the raw water level data gives a linear slope, with average water levels varying from 465 m to 486 m, between 2,375 and 2,555 km from the outlet. This gives an average slope of 0.12 m/km. After filtering the data (Figure 2D), they remain fairly scattered (479 ± 1.86 m).
For the Congo River, the σ0 values before filtering (Figure 2E) and after filtering (Figure 2F) are presented. The profile exhibits a peak of 35 ± 4.2 dB in the middle of section (1,870 km from the outlet), and decreasing values on each side. Despite a visible profile, the data are fairly scattered, with values oscillating between 0 and 22 ± 5.25 dB on each side of the peak.
Finally, for the Maringa river, filtering of the raw σ0 data (Figure 2G) produces a parabolic profile (Figure 2H) with data that are fairly scattered along the profile. σ0 values vary from 10 dB to 22 ± 2.06 dB on average (Figure 2H).
4.2 Intercomparison of water surface elevation (WSE)
The water surface elevations obtained from the SWOT mission were compared with the time series of water levels obtained by other radar altimetry missions (Sentinel-3A and 3B, Sentinel-6A and Jason-3) from Hydrowebnext website (Figure 3A) and GEDI data (Figure 3C). Comparisons between WSE from Hydrowebnext and GEDI are shown in Figure 3B. A total of 40 comparisons were performed between water surface elevations estimated the same day for both datasets (Figure 3A) between SWOT and Hydrowebnext. A R2 determination coefficient of 0.977 was obtained, with a Root Mean Square Error (RMSE) of 0.02 m and a mean bias of 0.538 m (comparison SWOT- Hydrowebnext). For GEDI intercomparison, 56 comparisons were done, with a R2 of 1, a RMSE of 0.003 m and a mean bias of 0.069 m (comparison GEDI - Hydrowebnext). At last, comparisons of the mean WSE from SWOT and GEDI were done in Figure 3C with 3,316 points. A R2 of 0.992 was calculated with a RMSE of 0.002 m and a bias of 1.011 m (comparison SWOT-GEDI). The spatial distribution of the comparison between SWOT and GEDI is shown in Figure 4.
[image: Figure 3]FIGURE 3 | Comparison of water surface elevations (WSE, in m) over all rivers of the study area, (A) SWOT and nadir radar altimetry from Hydrowebnext website, (B) GEDI and nadir radar altimetry from Hydrowebnext website and (C) SWOT and GEDI. The number of samples (N), the determination coefficient (R2), the Root Mean Square Error (RMSE, in m), the p-value and the bias or mean differences (in m) are displayed on the figure.
[image: Figure 4]FIGURE 4 | Comparison of water surface elevations (WSE) over the study area for (A) SWOT (in m), (B) GEDI (in m), (C) difference between SWOT and GEDI (in m) and (D) mean river width (in m).
4.3 Different cases of WSE and σ0
After filtering and intercomparing the SWOT WSE data on the sixteen rivers in Congo’s Cuvette Centrale, the WSE (in m), σ0 (in dB) and river width (in m) profiles were analyzed. For reasons of clarity, only four rivers which are representative of the results over the whole Cuvette, were selected: Itimbiri, Tshuapa, Sankuru and Lwebo. Their locations are shown in Figure 1C, Itimbiri being the most northerly and Lwebo the most southerly. These 4 rivers were selected because the profiles obtained were not previously shown in our study (Figure 2). In Figure 3, the digital elevation model FABDEM is shown with the black longitudinal profile line selected to present the filtered profiles of WSE, σ0 and river width.
For the Itimbiri River (Figures 5A–D), Figure 5B shows the WSE over a longitudinal profile of about 90 km, with a variation of 5 m (slope of 0.055 m/km). The WSE data are scattered (3.63 ± 1.95 m), but some dates show a linear profile (04/10/2023 and 04/08/2023). In parallel, σ0 values range between −2 and 10 ± 4.84 dB with a decrease observed upstream of the longitudinal profile (Figure 5C). For this longitudinal profile, the width of the Itimbiri river varies from approximately 80–280 m.
[image: Figure 5]FIGURE 5 | Sigma0 (dB), Water Surface Elevation (WSE) and width (m) profiles after data filtering for four selected rivers: Itimbiri (A–D), Tshuapa (E–H), Saknuru (I–L) and Lwebo (M–P). For each river, four figures are displayed: FABDEM with the selected longitudinal profile in black, WSE (m) along the longitudinal profile presented previously, Sigma0 (dB) along the longitudinal profile presented previously, the width of the river along the profile. Black lines represent the averaged values for each parameter.
The Tshuapa river presents a completely different profile for WSE, σ0 and width (Figures 5E–H). For WSE (Figure 5F), the profile slopes from upstream to downstream, with values ranging from 330 m to 360 ± 2.24 m on average. The data are relatively scattered along the average profile shown in black (Figure 5F). Between 280 and 340 km, the data are not very scattered (345 ± 0.97 m). σ0 values show a peak around 315 km with values of 30 ± 4 dB. On either side of the peak, σ0 values decrease (from 30 to 0 ± 3 dB) with distance and reach around 0 dB. Finally, at the same distance (315 km from the outlet) as the peak observed for σ0, the width of the Itimbiri river appears to be higher, with values around 700 m. The WSE values (345.5 ± 1 m) showed little dispersion.
In the example of the Sankuru river, the WSE profile is not very noisy (376 ± 2.16 m), and a difference of 20 m is measured between 1,400 and 1,560 km from the outlet, i.e., the equivalent of 160 km (Figure 5I). The average slope obtained is 0.125 m/km. The values of σ0 (Figure 5J) show a profile similar to that observed for the Itimbiri river (Figure 5H) with a peak around 1,480 km with values reaching 45 ± 5 dB. This peak in σ0 does not seem to be associated with a peak in the width of the river (Figure 5L). On average, the width of the river is around 473 ± 118 m, with values reaching 2,000 m (Figure 5L).
Finally, in the case of the Lwebo river, the WSE profile varies from 400 to 500 ± 7.47 m from 1,493 to 1,570 km from the outlet, and the WSEs increase per level (Figure 5M). σ0 values are scattered and range from 5 to 20 ± 6.63 dB (Figure 5O). Finally, the width of the Lwebo river varies from 0 to 200 m with an average of 98 ± 133 m (Figure 5P).
These initial results show that the SWOT mission can measure the parameters (WSE, σ0) on different rivers, with very different widths and profiles. Moreover, rivers with widths of less than 100 m, as in the case of the Lwebo river, could also be retrieved.
4.4 Mean of parameters (WSE, σ0)
Figure 6 shows the mean obtained for the parameters WSE (Figure 6A), σ0 (Figure 6B) and river width (Figure 6C). Figures 6D, E show the standard deviations obtained for WSE and σ0, respectively. Means and standard deviations were calculated on the daily data set used in April 2023, with 18 acquisitions. The mean values of WSE vary between 330 and 470 ± 10 m, and the slopes are well depicted for each river. The steepest slopes are obtained for the rivers located in the northern part, the Uele (0.39 m/km), and its tributaries Mbomou (0.42 m/km) and Bili (0.47 m/km) (Figures 6A, C for their locations). Mean values of σ0 values vary between 0 and 50 ± 10 dB on average over April 2023 (Figure 6B), with maximum values observed in the center of the study area. Finally, the standard deviations of the WSE are highest for the widest rivers, which are the Congo (353 ± 5 m), Uele (429 ± 2 m), Mbomou (462 ± 3.5 m) and Sankuru (477 ± 2.5 m). The same applies to σ0, with the highest values in the widest rivers (Figure 6E).
[image: Figure 6]FIGURE 6 | (A) Mean of Surface Water Extent (WSE, in m), (B) mean of Sigma0 (in dB), (C) mean river width (in m), (D) standard deviation of WSE (in m) and (E) standard deviation of Sigma0 (in dB) over April 2023 and over all rivers covered by SWOT data.
5 DISCUSSION
5.1 SWOT data quality (WSE, σ0 and slope)
Firstly, the quality of the WSEs derived from daily SWOT data acquired in April 2023 was compared with the water levels derived from other altimetry missions (Sentinel-3A and 3B, Jason-3 and Sentinel-6). The comparison between these two WSE datasets shows a correlation coefficient R equal to 0.977, RMSE equal to 0.024 m and a bias equal to 0.538 m. This comparison shows very good agreement between the two datasets.
Comparison of the WSE data for SWOT data averaged over the month of April 2023 with GEDI data averaged over 2019–2023 gives very good results, with R2 = 0.99, RMSE = 0.002 m and mean differences = 1.011 m. Here, as the comparison between WSE from SWOT and GEDI is done between data not acquired at same time, we consider mean difference and not biases. The mean differences map between WSE from GEDI and SWOT data is shown in Figure 7. High positive or negative mean differences (<-10 m and >10 m) are found on rivers with the smallest widths, such as the Mbari, Lomela and Tshuappa rivers, or on the upstream part of the widest rivers (case of the Itimbiri and Sankuru rivers, Figure 7). The possible reasons for these high mean differences are: (1) comparison of average GEDI and average SWOT points acquired at a different time in the rivers’ hydrological cycle, (2) geolocation problems with GEDI data and (3) difficulty of the SWOT sensor to measure WSE in the narrowest rivers, (3) the lower quality of the GEDI data compared to other radar and lidar altimeters (Frappart et al., 2021a).
[image: Figure 7]FIGURE 7 | (A) Mean differences between SWOT and GEDI Water Surface Elevations (WSE, in m) and (B) mean river width (in m) with their names.
Concerning point (1), the rivers in our study area have a water level that varies from 2 to 4 m on average (Mbari: 4 m, Lomela: 3 m, Tshuapa: 2 m, Itimbiri: 2 m and Sankuru: 3 m) at the transition from dry to wet periods. So, even if a GEDI point and a SWOT point were acquired at a different time in the hydrological cycle, the highest mean differences (>10 m or < -10 m) cannot be explained by this hydrological cycle, whose water level variations are at most 4 m. Concerning point (2) on the horizontal geolocation problems of GEDI points, Xu et al. (2023) showed that this error was on average between 3.04 and 65.03 m. So, in a river whose width is less than 100 and is bordered by forest along its banks, the closest GEDI point to the selected SWOT point may in fact correspond to a tree. Finally, the third and last plausible reason may be due to the acquisition of SWOT data. Indeed, in the example of the Lwebo river, whose longitudinal WSE profile is shown in Figure 5N, σ0 profile in Figure 5O, width profile in Figure 5P, this river has a plateau WSE profile with steep rises (localized at 1,500, 1,503, 1,515, 1,527, 1,532, and 1,550 km from the outlet, Figure 5N). Upstream of this profile (1,540 km from the outlet), we note a greater dispersion of WSE compared to the mean longitudinal profile (Figure 5N). This observation is accompanied by a greater dispersion in terms of river width (Figure 5P). When the river width becomes too narrow (<100 m), the WSE measurements acquired by the KaRIn sensor on board SWOT show more dispersion. The same applies to the Itimbiri River (Figures 5B, C), where the maximum width is 300 m. WSE are highly dispersed along the all river. Thus, as the river width decreases sharply, the data acquired by the KaRIn sensor appear more scattered. These initial observations by SWOT show that this new mission is capable of measuring WSE in rivers, but there are limitations for rivers with widths of less than 100 m, for which a higher scatter in the observations may be seen.
With regard to the σ0 values of the Itimbiri (Figure 5C), Tshuappa (Figure 5G), Sankuru (Figure 5K) and Lwebo (Figure 5O) rivers, different profiles are observed. A decrease is visible for Itimbiri (values ranging from −2 to 10 ± 4.84 dB on average), a stagnation for Lwebo (values ranging from 5 to 20 ± 6.63 dB), and a peak in the middle of the river equal to 30 ± 4 dB for Tshuappa (located 315 km from the outlet) and equal to 45 ± 5 dB for Sankuru (located 1,480 km from the outlet). The two peaks observed for the Tshuapa and Sankuru rivers represent the acquisition of data at the nadir of the KaRIn sensor on board the SWOT satellite. At this point, the index angle is 0°, so the σ0 values are higher and lower on each side as the measurement moves away from the nadir. These results are consistent with those of the study by Rudant et al. (2019), where σ0 values were calculated as a function of incidence angle. The lower the angle of incidence, the higher the σ0 values, and the curve of σ0 values as a function of angle of incidence has an exponential decrease, whatever the type of surface considered (Rudant et al., 2019). This kind of profile characterized by a peak in σ0 values is only visible on the Tshuapa, Sankuru and Congo rivers since these are long transects (200, 160 and 190 km, respectively), unlike the Itimbiri and Lwebo rivers which are tributaries with shorter lengths (80 km for both rivers). When we look at the average σ0 values over the whole area (Figure 6B), we see this type of profile with a clearly visible peak for the main river branches with high σ0 values, which shows the nadir of the SWOT satellite over this area. Finally, the average values obtained for the profiles (Figure 5) and for the zone as a whole (Figure 6) range from −5–30 dB. Only a few studies have looked at Ka-band σ0 values over different soil types (Frappart et al., 2021b; 2015). The average values of σ0, obtained by the AltiKa altimeter operating in Ka-band on board the Saral satellite, vary between 4 and 20 dB over the flooded forests of Amazonia (located at the same latitudes as our area and whose soil type most closely looks like the Congo Central Cuvette, (Frappart et al., 2021b),). In the study by Frappart et al. (2015), σ0 values measured by the same sensor over the Congo rainforest range from 10 to 21 dB on average. In Fayne et al. (2024), σ0 values at Ka-band over open water have values between −8–16 dB, with a strong decrease when the incidence angle is increasing.
Water surface slopes from SWOT have been compared to IRIS ICESat-2 database over the study area (Figure 8). Three rivers with different profiles have been selected: Sankuru characterized by small slope changes (Figures 8A, B), Uele with two steep changes (Figures 8C, D) and Mbomou with a small slope upstream and a very steep change downstream (Figures 8E, F). For each river, SWOT WSE profile with smoothed data in red is shown on the left panel, and the slopes calculated from SWOT and provided by the IRIS database are presented on the right panel. Whatever the river studied, the spatial sampling of the IRIS database (one point every ∼8 km on average) is much lower than the one of SWOT data (100 m resampled at 1 km to smooth the river slopes) for the various river profiles. As a result, high slopes are not detected by the IRIS database, particularly for the Sankuru (distance from the outlet 1,430, 1,505, 1,525 and 1,540 km) and Mbomou (2,325 km from the outlet) rivers. For each longitudinal slope profile, the IRIS database provides at best around thirty points, compared with 1,000 points with the SWOT data. The SWOT data are able to detect smaller-scale changes in slope compared to IRIS data.
[image: Figure 8]FIGURE 8 | (A) WSE (m) from SWOT (raw data - black dots - and smoothed data - red dots) and Hydroweb radar altimetry data (green crosses) for (A) Sankuru, (C) Uele and (E) Mbomou rivers, slopes (mm/km) from SWOT (blue dots) and IRIS (turquoise) database for (B) Sankuru, (D) Uele and (F) Mbomou rivers.
5.2 River longitudinal profiles
The type of river profile is a key indicator of the morpho dynamic evolution the river has undergone over the course of its history (Boulton et al., 2013; Boulton, 2020). In our study, of the sixteen rivers analyzed in the central Congo basin, several types of longitudinal WSE profiles were observed, such as concave profiles and profiles with slope breaks.
The shape of the profiles and the various breaks give an indication of the progression of tectonically-generated, lithologically-dependent regressive incision. Generally speaking, the longitudinal profile of a river will tend towards a concave shape upstream, with higher elevations, which will allow the transport of solid loads and the incision of the riverbed downstream (Larue, 2014; Seybold et al., 2021). Most of the rivers observed here have this profile, which is the result of a dynamic equilibrium between erosion/deposition processes. In contrast, profiles with rectilinear segments and slope breaks are mostly caused either by a lithological contact or by uplift upstream of an active fault, or by a lowering of the base level that will generate regressive erosion (Bishop et al., 2005).
Longitudinal slope profiles with such precision, since the data provide a WSE every 200 m (when taking the shapefile product of rivers), unlike other altimetry missions, which obtain at best 4 points on the same profile (see green crosses on Figures 8A, C, E). This data will be an extremely important and promising alternative for fields of application such as hydrodynamics, hydrology and geomorphology, particularly in areas with little in situ data or no human access.
6 CONCLUSION AND PERSPECTIVES
Water surface elevations (WSE) in rivers in Congo’s Central Cuvette have been observed for the first time, with the first daily results from the calibration phase of the SWOT mission. Dedicated to continental hydrology, this mission will make it possible to study all the rivers and lakes on the globe. In our study, we focused on the shapefile product for rivers, enabling us to study, among other things, WSE water heights and σ0 on sixteen rivers with different widths, ranging from 50 m to 2,000 m.
First, SWOT data acquired over 18 runs in April 2023 were filtered to remove outliers. An intercomparison of WSE from SWOT was done, using WSE derived from other nadir altimetry (Sentinel-3A and 3B, Jason-3 and Sentinel-6A) from Hydrowebnext and GEDI data. These initial results are very encouraging, with a R2 correlation coefficient of 0.977 and a bias of 0.538 m calculated between the SWOT data and the Hydrowebnext database, and a correlation of 0.992 and a mean difference of 1.011 m between the SWOT and the GEDI data.
Over all sixteen rivers studied, the WSE profiles appear to be consistent with realistic slopes, higher upstream than downstream. Finally, by analyzing the longitudinal profiles of the WSE, we note that two types of profile stand out: concave and rectilinear with slope breaks. Although other altimetry missions have been able to study river slope profiles in previous studies, these were not as accurate as those obtained by the SWOT mission today. These different profiles are a key indicator of the morpho dynamic evolution the river has undergone over the course of its history. Finally, the average σ0 values obtained for the sixteen rivers are consistent with previous studies.
This work, which presents the first results obtained on the rivers using SWOT data, could be continued in the future to study seasonal variations in slopes over the course of a year with a precision never before obtained using other nadir altimetry. It will therefore be possible to study the hydrological dynamics of different rivers around the world. All this data is easy to access and free of charge. Thus, this type of data could prove very useful, in part, for hydrological and hydrodynamic models, for geomorphologists, and for navigation.
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Space Agency NASA, CNES, CSA, UKSA

Aims - Oceanographic objective: to characterize the oceans
circulation at spatial resolution of 10 km and larger

- Hydrologic objectives: (1) to provide a global inventory of

all terrestrial surface water bodies as lakes (250 m * 250 m),

rivers (wider than 100 m), reservoirs and wetlands, (2) to

measure global storage change in terrestrial surface water
bodies and (3) measure and estimate change in river

discharge
Launch 16 December 2022
Mission life 3 months for engincering checking

3 months for calibration/validation
Nominal orbit: 3 years (5 years goal)

Altitude (km) 890.6 km
Orbit inclinaison () 77.6"
Repetitively (days)  Calibration/validation orbit: 1 day (from April to June

2023)
Science orbit: 21 days (from July 2023)

Covering Latitude 78'N - 78'S

Instruments Poséidon-3C: nadir altimeter working in Ku and C bands,
1D data at nadir
KaRIn: SAR Interferometer, 2D data over 120 km with a
gap of 20 km along nadir
DORIS, GPSP and LRA: precise orbit determination

Frequency Poséidon-3C: Ku and C bands
KaRIn: Ka-band

Parameters measured Poséidon-3C: altimeter range and radar backscatter
KaRIn: surface water extent, water surface elevation, slope,
radar backscatter, width
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