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1 Introduction 

This document describes the theoretical basis for the algorithm used to compute Water Surface Elevation 

(WSE) from nadir altimeters within the CCI River Discharge precursor project. First, the principles and 

issue concerning the use of altimeter data over inland waterbodies are presented in section 2. Then, the 

computation of WSE time series at a single virtual station (VS; i.e., intersection between the satellite 

ground track and the studied water body/river reach) and from a single altimeter mission is described in 

section 3. Section 4 presents methods defined to merge time series from different missions and 

locations. 

 

2 WSE computation from nadir altimeters 

2.1 Basic principle of WSE measurements from nadir altimeter 

Radar altimeter measurements are used to compute the range (R on Figure 1), i.e. the distance between 

the satellite and the surface of the observed river reach. The altimeter sends a radar pulse at the vertical 

of the satellite (nadir). Then, it records the radar echo (or waveform) backscattered toward the antenna 

by the water body below the satellite. This radar waveform is downlinked on the ground and R is estimated 

by post-processing this waveform. If the radar pulse sent by the instrument was a pure Dirac function with 

a propagation speed equal to the speed of light in vacuum (noted c in Eq. 1), then R would be easily 

computed by recording the radar pulse two-way travel time (noted dt) and using Eq. 1. 

 𝑅 =  
1

2
∙ 𝑐 ∙ 𝑑𝑡           Eq. 1 

Satellite altitude (H on Figure 1) is computed thanks to the on-board instruments. H is known quite 

precisely with recent satellite altimeters (below 2 cm; e.g. Couhert et al., 2015). The WSE (h on Figure 1) 

can be computed using Eq. 2. 

ℎ = 𝐻 − (𝑅 − ∆𝑅𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 − ∆𝑅𝑔𝑒𝑜𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙)       Eq. 2 

The term ∆Rpropagation corrects the range R from propagation delay occurring when the radar signal 

propagates through the atmosphere (its speed is smaller than c in this environment). ∆Rgeophysical corrects 

R from geophysical signal affecting the measurements (i.e. crustal vertical motions due to the solid Earth 

and pole tides).  
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Figure 1. Conceptual view of nadir altimeter and WSE measurements 

2.2 Computing the range R from altimeter waveform and its complexity 

2.2.1 Tracking window 

Due to instrument design, the altimeter can record the backscattered radar signal from only a small 

portion (labelled “tracking window”) of the vertical axis below the satellite. For comparison, the tracking 

window size of Poseidon-class altimeters (TP, J1 to J3 altimeters) is 60m wide, whereas the satellite orbit 

altitude is around 1336 km. It is needed to set this vertical tracking window correctly to observe the water 

body surface. For past missions, the position of this window is computed automatically, based on 

previously measured waveforms. This tracking method is called “autonomous” or “Closed-Loop” mode. It 

is conceived to track ocean surface topography, but could fail over continents, which have more important 

and abrupt topography variations than oceans (e.g. Biancamaria et al., 2018). When the tracking window 

is not correctly set, then the waveform does contain any backscattered signal from the targeted water 

body and data over this water body is lost. To overcome this issue, CNES and then ESA conceived another 

tracking mode, called “Open-Loop” or “Diode/DEM” mode. Rather than updating automatically the 

tracking window positions, they are set using elevations stored on-board. These elevations come from 

OLTC tables that are derived from global DEMs and water masks. This mode has been used operationally 

on J3, S3A/B and S6. For more information on this mode, see for example Desjonquères et al. (2010), 

Taburet et al. (2020), Le Gac et al. (2021) and the websites: https://sentiwiki.copernicus.eu/web/s3-

altimetry-instruments and https://www.altimetry-hydro.eu/. 

2.2.2 Retracker 

Once the radar waveform backscattered by the continent within the tracking window is recorded by the 

instrument, it is needed to process it to estimate R for the targeted water body below the satellite nadir. 

The instrument cannot emit Dirac radar pulses and the instrument “footprint” (defined as the 3-dB 

antenna beam) is multiple km wide (8km, 18km and 30km diameter for Saral, Envisat and Jason series 

altimeters, respectively). Therefore, the radar waveform (i.e. the returned power to the instrument as a 

function of time or, equivalently, of the distance between the satellite and the ground) is not a “simple” 

pulse but is spread in time (or distance/range). This is due to all the targets on the soil within the 

instrument footprint, which are located at different distance from the satellite and have different 

backscatter coefficients. Due to the potentially important heterogeneity of the observed scene below the 

satellite, contrarily to oceans, retracking the radar waveform to compute accurately R within all the 

potential targets that backscattered power to the satellite is very difficult over continents. Surface waters 

https://www.altimetry-hydro.eu/
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are mainly quasi-specular, they are backscattering much more energy to the satellite than most other soil 

targets. However, in a few km wide footprint, multiple water bodies might be backscattering energy to the 

satellite. Besides, some other targets, like wet sand (for example wet riverbanks or ephemeral sand 

islands that have just been uncovered by water) could also be quite specular. Finally, the recorded 

waveform is digitalized using a fixed number of bins. These bins cover usually 0.5m distance span (except 

for Saral/AltiKa for which it is 0.3m and for some mode of Envisat which could then be equal to 0.5m, 

2m or 8m). 

Radar waveforms over continents are very heterogenous and there is currently no theoretical waveform 

retracker for continents (which is not the case for open ocean), that can be used to retrack waveforms 

and retrieve unambiguously the range R for a specific water body overflown by a nadir altimeter. For more 

information and discussion on this topic, see for example Crétaux et al. (2017). A common empirical 

retracker algorithm used over continental waters, and available in most nadir altimeters, GDR files is the 

so-called “Ice-1” or “OCOG” retracker (Wingham et al., 1986; Bamber, 1994). This retracker is not 

described in this document, nor the reasons why it is commonly used at least over rivers. For more 

information, the reader is referred to Wingham et al. (1986), Bamber (1994) and, for example, Crétaux 

et al. (2017). 

From this section, it is important to recall that, from a single waveform, there is no certainty that the 

targeted water body is observed within the tracking window, even if the “Open-Loop” tracking mode helps 

a lot compared to the former “Closed-Loop” tracking mode, nor that the targeted water body range R will 

be correctly estimated by the retracker algorithm, especially if there are more specular targets nearby. 

That’s why, Biancamaria et al. (2018) highlighted that: ‘The ability of an altimeter to observe a river is 

dependent on river width but is determined to an even greater extent by the “surrounding topography, 

the observation configuration, previous measurements and the instrument design” (Baup et al., 2014; 

Biancamaria et al., 2017).’ It is therefore very difficult, maybe impossible, to assess beforehand where 

and when an altimeter provided/will provide usable data on a global scale. 

 

3 Deriving WSE time series from a single mission and 

virtual station 

3.1 Radar nadir Altimeter missions used and concept of virtual stations 

The timeline and repeat cycle of all nadir radar altimeter missions used in this study are provided in Figure 

2. This figure gathers, through the same color code, missions that were on the same orbit tracks. This 

means they observe the same locations with the same time repetitiveness. If the TP/J1/J2/J3/S6A 

observe the same VS every 10 days from 1992 to now, with some time overlaps between consecutive 

missions, this is not the case for other orbits. The ERS-1/ERS-2/Envisat/Saral 35-days orbit tracks are 

not sampled since 2016, since Saral satellite is drifting and not maintained on a repeat orbit. Another 

issue is the absence of time overlap between Envisat on its nominal orbit and Saral launch, leading to a 

few years’ observation gap. S3A and S3B missions are on another orbit, with a better time sampling (27 

days), but have been launched quite recently (2016 and 2018, respectively). 
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Figure 2. Timeline of the altimetry missions considered in this precursor project. Colors correspond to missions' orbits repeat periods. 
After June 1996, ERS-1 is in back-up mode and no measurements are recorded and from Mid-2003, altimeter onboard ERS-2 stopped 
working. That's why the boxplot patterns for these two missions after these dates are changed to show the absence of measurements 

The satellite orbit defines both the spatial and temporal sampling of the nadir altimeter mission. They 

change in opposite directions: the greater the number of tracks in an orbit, the finer its spatial sampling, 

but the greater its repeat period (i.e. the time taken for the satellite to fly over the same point again), and 

therefore the coarser its temporal sampling. Therefore, Jason series allows a much better time sampling 

than other orbits, but the counter part is the scarcity of its spatial sampling (nadir altimeter observing 

only within the footprint of the instrument at the nadir of the satellite). It means that for some locations 

chosen [RD1], only observations from altimeters on Envisat orbit could be used, leading to observation 

gaps (at least between Envisat change of orbit and launch of Saral). Furthermore, due to some technical 

limitations, satellite ground tracks are controlled to within ± 1 km around their nominal positions for most 

altimeter missions (for more details, see product handbook for all missions listed on Figure 1).  

It should also be noted that the oldest missions are the least accurate. The most important issue arises 

for J1, which was finer tuned to observe the ocean than TP, resulting in less data acquisition over 

continental water bodies. 

The intersection of the satellite ground track with a targeted water body (e.g. a river reach) is usually 

referred to as “virtual station” (VS) in scientific literature. Its definition is therefore intrinsically linked with 

the orbit of the radar nadir altimeter mission considered. The VSs from all available missions tracks near 

the locations defined in [RD1] have been processed to compute WSE time series. 

Dates in the time series are provided at UTC time. 

 

3.2 Algorithm used to compute WSE time series at one virtual station 

and from one mission with a “manual approach” 

WSE is defined as the distance between the surface of water and a reference surface (ellipsoid or geoid). 

The chosen reference surface is the WGS84 ellipsoid. The geoid is more meaningful from a hydraulic 

point of view. However, as WSE is not used to compute river slopes in this project and many global to 

national geoids are available (and multiple versions of a specific geoid might exist), it is better suited to 

use a mathematically defined reference, i.e. an ellipsoid. 
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The purpose of this section is to describe the methodology used to compute WSE time series from a single 

radar nadir altimeter. This precursor project utilised a limited number of WSE time series that had already 

been computed and made available on the Hydroweb.next database (https://hydroweb.next.theia-

land.fr/). This database contains mainly time series from S3A/B, J3 and S6 missions’ VSs. It has been 

needed to extend this database for past missions and VS with current missions not available on 

Hydroweb.next. 

The corrections to be used to compute WSE (see section 2.1 and Eq. 2) are the usual ones considered 

over continents (Crétaux et al., 2017):  ionospheric correction, dry and wet atmospheric corrections, solid 

Earth correction, and pole tides correction (usual corrections used for inland water bodies) from GDR 

products provided by space agencies or in the reanalysis products. For TP data available in the PISTACH 

reanalysis done by CLS, atmospheric corrections are missing at multiple locations. For this mission and 

at such locations, a climatology produced by LEGOS (from S. Calmant, not published), from the corrections 

at same locations during the J1 to J3 period, will be used. 

To compute time series not available on the Hydroweb.next database, a “manual” approach to select 

measurements from GDR files will be used. This approach is the same than the one used for “research 

mode” VS time series on Hydroweb.next (see Hydroweb.next User Manual, https://www.theia-land.fr/wp-

content/uploads/2021/06/Handbook_Hydroweb-V2.1-1.pdf, and Santos da Silva et al., 2010). For 

example, this is done using the AlTiS software, developed at LEGOS/CTOH (https://gitlab.com/ctoh/altis) 

at LEGOS and Hydro Matters. The main steps of such selection are the followings: 1- define a polygon at 

the intersection between the satellite ground track and the observed river reach, 2- compute and visualize 

the WSE (and eventually the backscatter coefficient) for all cycles and measurements within this polygon, 

3- remove WSE outliers, 4- for each cycle, compute the median of all selected WSE, and 5- finally export 

the WSE time series. Concerning step 1, the polygon should cover at least plus or minus 1 km 

perpendicularly to the ground track (to consider the orbit drift) and few hundreds of meters along track 

to completely cover the extent of the river reach along the track and contains at least 3 measurement 

points along the track. Concerning step 3, evident outliers should be removed, for example based on local 

topography, potential upstream/downstream WSE time series inconsistency, unrealistic WSE amplitude, 

and presence of other water bodies. However, this "expert judgement" should not be used too frequently 

and parsimoniously, to avoid removal of extreme events. TP GDR files will come from the PISTACH project. 

For other missions, GDR files are the ones provided by the space agencies and formatted by the CTOH 

(http://ctoh.legos.obs-mip.fr). 

Differences between the CCI Lake WSE and the precursor CCI River Discharge WSE from the manual 

approach are the same than differences between “research” Hydroweb.next WSE on lakes and rivers, as 

described in the Hydroweb.next User Manual and in the CCI lake ATBD [RD3]. The main differences 

between CCI river WSE and CCI lake WSE are the following: as river WSE are referenced to an ellipsoid 

and located on a river reach, the geoid slope correction crucial for lake is not applied for rivers WSE; bias 

between missions (see section 4) is computed differently as there is usually less time series overlaps. 

It should be noted that no slope values will be used to correct (the plus or minus 1km) satellite drifts 

around the theoretical track. There is currently no global river slope product accurate enough to correct 

this source of errors. When validated SWOT river slope product over at least one year will be available, 

such type of correction could be considered (i.e., not before August 2024). 

 In the Arctic, the ice on rivers affects the altimeter waveforms in winter months. The radiometric contrast 

between snow covered banks and ice (snow-on-ice) covered rivers is usually small. Thus, the backscatter 

coefficient can be ineffective for the range filtering. The WSE retrievals in winter require an additional 

step in selection of adequate altimetric measurements. This selection is based on first guess of the 

seasonal WSE magnitude and on the multi-year statistic of winter measurements at a given VS. In the 

end of winter, when the ice thermal melting starts (1 to 4 weeks before mechanical breakup), the off-

nadir melt ponds and polynyas can result in unrealistically high WSE estimates. To eliminate these 

https://hydroweb.next.theia-land.fr/
https://hydroweb.next.theia-land.fr/
https://www.theia-land.fr/wp-content/uploads/2021/06/Handbook_Hydroweb-V2.1-1.pdf
https://www.theia-land.fr/wp-content/uploads/2021/06/Handbook_Hydroweb-V2.1-1.pdf
https://gitlab.com/ctoh/altis
http://ctoh.legos.obs-mip.fr/
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erroneous retrievals, the ice flag, produced from altimetry measurements (Zakharova et al., 2021) and 

optical images [RD4], is used. 

 

3.3 Algorithm used to compute WSE time series at one virtual station 

and from one mission with Hysope automatic processing chain 

 

The process used to calculate automatically the mono-mission time series for each station is very similar 

to the one used with the manual method. The computation is performed from IGDR (or STC) Level-2 data 

(i.e. Copernicus Data Space Ecosystem | Europe's eyes on Earth for Sentinel-3 data). 

Level-2 input altimetry data is first read, selecting high frequency measurements (generally 20 Hz). Ice-

1/OCOG retracking algorithm is used.  

𝑊𝑎𝑡𝑒𝑟 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 = 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 − 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑟𝑎𝑛𝑔𝑒                Eq. 3 

With: 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑟𝑎𝑛𝑔𝑒 = 𝑟𝑎𝑛𝑔𝑒 + 𝑤𝑒𝑡 𝑡𝑟𝑜𝑝𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑑𝑟𝑦 𝑡𝑟𝑜𝑝𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 +

𝑖𝑜𝑛𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑠𝑜𝑙𝑖𝑑 𝑒𝑎𝑟𝑡ℎ 𝑡𝑖𝑑𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑝𝑜𝑙𝑒 𝑡𝑖𝑑𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛  

Water surface height is above the ellipsoid. Ellipsoid reference may differ with respect to the mission. 

WGS84 for Envisat, Saral and Sentinel-3 and T/P for Topex/Poseidon, Jason-1 and Jason-2. All timeseries 

are levelled from WGS84, using Error! Reference source not found. if needed (correction about 70 cm). 

𝛿 = (𝑊𝑆𝐻𝑇𝑂𝑃𝐸𝑋 − 𝑊𝑆𝐻𝑊𝐺𝑆84) =  −((𝑎2 − 𝑎1) cos²(𝜑) + (𝑏2 − 𝑏1) sin²(𝜑))             Eq. 4 

The constants of the ellipsoid WGS84 for Envisat and Saral are: 

• φ is the latitude coordinate of the Virtual Station,  

• a1 = 6 378 137.00 m (WGS84 equatorial radius) 

• b1 = 6 356 752.314245 m (WGS84 polar radius)  

• a2 = 6 378 136.30 m (T/P equatorial radius) 

• b2 = 6 356 751.600563 (T/P polar radius) 

Altimetry measurements are selected with respect to VS polygon. Such reference areas are defined from 

the intersection of the river centerline (i.e. SWOT River Database, SWORD) and theoretical tracks of the 

mission. High frequency measurements are therefore extracted within these predefined polygons for each 

VS. The aim of this geographical selection is to use altimetry data located a few kilometers from the VS 

location. 

Altimetry satellites differ from their theoretical position by up to 1km (ground segment constraint). This 

difference from the theoretical tracks is considered to estimate the water level. For each transect, we 

estimate the distance from the central position of the SV (provided as metadata). The influence of the 

local slope is therefore added to the WSH calculation. The local slope is estimated using the IRIS database 

(IRIS: ICESat-2 River Surface Slope; Scherer et al. 2023) or SWOT profiles from RiverSP Node product. 

This local slope is also provided as a static value (metadata) for each SV. 

𝑊𝑎𝑡𝑒𝑟 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 = 𝑊𝑎𝑡𝑒𝑟 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 ± 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝑟𝑖𝑣𝑒𝑟 𝑠𝑙𝑜𝑝𝑒             Eq. 5 

• distance: Curvilinear distance of the current estimate with respect to SV location 

• river slope: River local slope estimated from IRIS or RiverSP Node products 

• NB: The sign of the correction is defined according to the position of the measurement from the 

theoretical position (i.e. upstream/downstream with negative/positive slope correction resp.). 

https://dataspace.copernicus.eu/
https://zenodo.org/records/14727521
https://zenodo.org/records/14616464
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The elevation time series is estimated track by track from the WSE estimates. The first editing consists of 

using sigma0 thresholds. A fixed threshold is defined by VS (mainly depending on the mission). The most 

echogenic measurements are then selected (corresponding to the highest 50% sigma0). Potential WSE 

outliers are removed using a 3σ filter on each transect (i.e. selection of measurements from the transect 

mean +/- 3 times the standard deviation of the WSE distribution on the transect).  

A WSE value is computed as the median value of the WSE estimates for the transect. The uncertainty is 

estimated as the standard deviation of all selected WSE. The measurement is kept if the standard 

deviation is less than 5 meters. Finally, the measurement (median WSE of the transect) is retained if it 

respects a constraint of 3σ from the mean and the standard deviation of the whole WSE timeseries (since 

the start of the time series to the current measurement, particularly useful before the use of OLTC i.e. 

before the J3 mission). 

 

4 Merged multi-missions altimetry WSE time series 

In this precursor project, combined WSEs must be evaluated at least over a few basins with in-situ WSE. 

Some users indicated in [RD2] that they would be interested in having a combined WSE time series. For 

river discharge computation from WSE time series and ancillary discharge data, merged WSE at a specific 

SV is used to compute rating curve. The following sections present different methodologies to compute 

merged WSE. 

4.1 Simple merging methodology 

4.1.1 Overall methodology 

It is proposed rather to compute a merged WSE at a specific VS, called reference VS. VSs are tied to a 

mission ground track. So, the reference VS is intrinsically linked to a specific mission orbit. Besides, the 

intermission bias is dependent, among others, to the considered sensor. That’s why it might be better to 

give priority to the longest mission with valid measurements and with the highest time sampling, but also 

recent enough to be as accurate as possible. So, the reference VS should be a J3 VS (the Jason series is 

the longest continuous series of altimeter missions, with the highest repeat period, and J3 is the recent 

enough, as it has been launched in January 2016). However, Jason series ground tracks are sparser than 

other altimetry missions (the drawback of the higher repeat period). Therefore, if there is no J3 VS near 

the location defined in [RD1] to evaluate discharge, then the reference VS should be an Envisat VS (ERS-

2/Envisat and Saral used the same orbit, but as there is no time overlap between Saral and Envisat, 

which is not the case between Envisat and ERS-2, thus the choice to consider Envisat). If there is no J3 

and Envisat VS available, then a S3A VS should be the reference VS (however, for this last case, it is 

doubtful that a 20-year WSE time series could be computed). 

It has been decided that the merged time series should have only one measurement per day. If multiple 

observations are available from single mission time series for a day, the earliest one is kept in the merged 

time series. 

Sections 4.1.2, 4.1.3 and 4.1.4 explain how to merge different time series, depending if they are on the 

same ground track or not. 

4.1.2 Multi-missions on similar orbit and same track (i.e., same VS) 

For these cases and if there is a time overlap between consecutive missions, then the mean bias over 

the common period between the consecutive time series in time is computing and it is removed to get a 

coherent WSE time series compared to the reference mission. For example, the TP/J1/J2/J3/S6 

intermission bias will be computed considering the Jason3 data as the reference. These biases will be 
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computed considering the mean difference between each mission during the common period. The data 

in the merged time series during the common period, if the time difference between observation dates is 

below one hour, will be the WSE from the most recent altimeter. For example, when measurements from 

J2 and Ja3 are available at the same date, then the J3 data should be provided. Similarly, when both J1 

and TP measurements are available at the same date, then the J1 data should be provided. Figures 3 

and 4 show some examples of bias corrected time series using this methodology (Figure 4) compared to 

initially biased time series (Figure 3) for a Jason VS on the Indus River. It should be noted that, for some 

VS, the first five J3 measurements have important errors. It may be needed to exclude them from the 

J2/J3 intermission bias computation. 

 

Figure 3. TP/J1/J2/J3/S6 time series without bias correction at VS near Dilkusha on the Indus River 
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Figure 4. J3 time series and unbiased TP/J1/J2/S6 time series at VS near Dilkusha on the Indus River 

4.1.3 Multi-missions not on the same orbit or not on the same track 

(i.e., on different VS) 

Once time series from all missions within the same VS have been merged, then WSE time series from 

different VSs have to be merged together. A reference VS has to be identified (se section 4.1). In this 

case, not just a bias correction might be needed. A fit of the relationship between WSE time series at 

each other VS and the reference VS has to be done. From the scatter plot, over the common period, 

between the other VS time series and the reference VS time series, will be used to select a linear fit or a 

Power law fit according to the topology, river characteristics and/or distance between both VSs. These 

fits have been chosen because, assuming steady and uniform flow, no main tributary between two 

locations, uniformly varying bathymetry and constant slope of the hydraulic gradient line at these 

locations, then, due to mass continuity, the relationship between WSE at these two locations is a power-

law relationship. 

Other VSs should be preferably less than 10km from the reference VS, with no major tributary between 

the VSs. If for any reason, a VS with a distance much higher than 10km from the reference VS, then using 

a time lag between the VS and the reference VS should be tested. It will be done using the methodology 

from Biancamaria et al. (2011): the lag that maximizes the correlation between the reference VS time 

series and the lagged VS time series. 

To concatenate different time series, first data over common overlapping time period(s) between different 

time series should be considered. These data might not be acquired at the same dates between these 

different time series. It will be needed to interpolate observations at the same dates to compute the fit 

(or at least the bias). It will be done by interpolating time series with the highest time sampling to the 

dates from the time series with the coarsest time sampling, over the common time span. If the time series 

have the same time sampling, then time series from the other VS will be interpolated to the dates of the 

reference VS. 

4.1.4 Merging time series without time overlap 



 

 

D2. Water Surface Elevation (WSE) Algorithm Theoretical Basis Document (ATBD) 

Reference - Issue 2.0 – 12/06/2025  
Open/Public © 2019 CLS. All rights reserved. Proprietary and Confidential.  

 

15/19 

 

In order to avoid this case, as much time series as possible should be gathered, rather from the same 

VSs or from different VS(s) from all altimetry missions considered in this project. Methodology from 

sections 3.1 to 3.3 should be applied, over consecutive and overlapping in time series starting from the 

reference VS with the reference satellite mission. 

However, the case of consecutive time series with no time overlap might occur (for example, this is the 

case between Envisat and Saral or TP and J2, if no J1 data could be used). In this case, two methods to 

correct the bias between non-overlapping missions have been tested. The first is the "average long-term 

method" that consists of computing the average over the entire time series of the two consecutive 

missions. The difference between the two averages is used to compute the bias enables to get coherent 

WSE over the reference VS. The second approach is the "climatology method". A monthly climatology (i.e., 

all data acquired in January over the whole time series should be average and provided for the month of 

January in the climatology, similar for the other months) is computed for both consecutive time series. 

The mean difference (i.e., the average over twelve months of the two monthly climatology's subtractions) 

between these two climatologies is used to compute the bias and get coherent WSE over the reference 

VS. The comparison of both methods near Kinshasa station (Congo basin) revealed that they provide 

similar results (e.g., 0.158 m and 0.156 m from the average long-term and climatology methods 

respectively between Envisat and Saral missions). Therefore, the monthly climatology method has been 

chosen to compute bias in this case. For cases with important extreme events or short high flow period 

(< 1 or 2 months), then 10% of the highest data in the time series will be removed, before computing the 

monthly climatology or remove the month with the highest value in the climatology. 

Computing monthly discharge time series is a goal in [RD2], but there is no similar requirement on WSE 

product. Therefore, no monthly WSE time series will be computed. 

4.2 Stochastic method to merge WSE time series 

Before starting the data merging calculation, water level estimates are first referenced to the geoid, as 

river slope is used. Water surface elevation refers to the level above the geoid: 

𝑊𝑎𝑡𝑒𝑟 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 = 𝑊𝑎𝑡𝑒𝑟 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐻𝑒𝑖𝑔ℎ𝑡 − 𝑔𝑒𝑜𝑖𝑑                Eq. 6 

EGM08 is used as ancillary data to calculate the geoid value for a given location. The grid resolution is 

1x1 (minute)2 and downloaded from http://earth-

info.nga.mil/GandG/wgs84/gravitymod/egm2008/egm08_wgs84.html.  

 

4.2.1 Overall methodology  

As performed in section 4.1, we want to merge WSEs at virtual stations location, but using a stochastic 

approach inspired by the work of Nielsen et al. (2022). The virtual stations are located at the same 

locations as those defined for the simple merging method (see section 4.1). However, it is important to 

note that WSEs can be estimated at any point on the section of river studied. 

The merged series includes a measurement every five days, and the altimeter observations used can be 

more than a hundred kilometres from the station. 

The following sections explain how altimetry data are merged.  

 

4.2.2 Merging process 

The merging process is based on a space-time model that simulates water level variations at a given point 

in relation to observations made in its vicinity. The estimation of these variations depends on the 

http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/egm08_wgs84.html
http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/egm08_wgs84.html
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statistical formalism of Maximum Likelihood. The space-time model is defined by several conditions. 

Firstly, it is assumed that the reconstructed time series follow an auto-regressive process of order 1 (AR1). 

This a stationary process allows first-order simulation of seasonal behaviour of water level variations, 𝜂, 

such that: 

𝜂𝑡𝑖
= 𝜌𝜂𝑡𝑖−1

+ 𝜉𝑖,      𝑖 = 1, … , 𝑁                    Eq. 7 

Where 𝜌 is a constant defined between -1 and 1, 𝑁 is the number of time steps and 𝜉𝑖 is an error term 

following a normal distribution 𝒩(0, 𝜎𝜀
2). The time steps of the AR process are equidistant.  

Then, each water level is defined by the following direct model: 

ℎ𝑖 = 𝜂𝑡𝑖
𝛼θα

(𝑥𝑖) + 𝜏𝜃𝜏
(𝑥𝑖) + 𝛽(𝑠𝑎𝑡𝑖) + 𝜀𝑖                   Eq. 8 

Where 𝛼 is a scaling factor to weight variations in water levels according to river bathymetry, 𝜏 represents 

the mean elevation at a position 𝑥𝑖, 𝛽 represents the inter-mission bias and 𝜀𝑖 is the error term following 

a normal distribution 𝒩(0, 𝜎𝑜𝑏𝑠(𝑠𝑎𝑡𝑖)2). The terms 𝜏 and 𝛼 are interpolated in the state vector 𝜃 as a 

function of the position of the measurement along the curvilinear abscissa of the river.  

The parameters of equations 3 and 4 are estimated using Maximum Likelihood to minimize the error 

terms 𝜉 and 𝜀 by maximizing their negative log 𝑙: 

𝑙 = 𝑙𝜂 + 𝑙𝑜𝑏𝑠 = −𝑙𝑛𝑃(𝜉) − 𝑙𝑛𝑃(𝜀̂)  → 𝑚𝑖𝑛.                   Eq. 9 

Where: 

l𝜂 =
1

1−𝜌2 × ‖{𝜂𝑡𝑖
}

𝑖=2,…,𝑁
− {𝜌𝜂𝑡𝑗

}
𝑗=1,…,𝑁−1

‖
2

,                Eq. 10 

𝑙𝑜𝑏𝑠 = (𝐻 − 𝐻̂)
𝑇

𝐶𝑠𝑎𝑡
−1 (𝐻 − 𝐻̂).                   Eq. 11 

𝑃 is a normal probability density function (PDF), 𝐻 is a vector of size 𝑁 containing the elevations measured 

by altimetry, 𝐻̂ contains the modelled water heights ℎ. 𝐶𝑠𝑎𝑡 is a variance-covariance matrix of 

uncertainties in altimetry measurements 𝜎𝑜𝑏𝑠
2 . 

 

4.2.3 Problem initialization 

Water level variations (𝜂) are randomly initialized using the R package (TMB) (Kristensen et al. 2016). 

This package applies a Laplace approximation to generate these random effects over the different epochs 

to make the model robust.  

The height variation 𝜂𝑡=0 takes a value of 1e-5 (see Nielsen et al., 2022). 

The constant ρ is initialized as equal to 1. α is initialized as a vector composed of 1, and the inter-mission 

bias 𝛽 is initialized as zero. Unlike the model developed by Nielsen et al 2022, the mean river profile is 

not estimated during inversion. This is defined from SWOT RiverSP Nodes data (SWOT, 2024) based on 

SWORD (Altenau et al. 2021). The resolution of the profile along the curvilinear abscissa is 200 meters. 

To reduce the signal-noise ratio, WSH are re-computed using a sliding median at one kilometre resolution 

along of the curvilinear abscissa. This treatment only concerns SWOT RiverSP data used to constraint the 

problem in space. RiverSP Nodes data used as observations are those present at native resolution (200 

m). However, SWOT data have only been available since the end of 2023 and so do not capture the full 

range of hydraulic variations in the river, so the median profiles generated are likely to be biased. This 

bias is therefore incorporated into θ, the state vector, such as. 

ℎ𝑖 = 𝜂𝑡𝑖
𝛼θα

(𝑥𝑖) + [𝜏𝜃𝜏
(𝑥𝑖) + 𝛽𝜃𝛽𝜏

(𝑥𝑖)] + 𝛽(𝑠𝑎𝑡𝑖) + 𝜀𝑖               Eq. 12 
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4.2.4 Outlier identification 

Altimeter measurements can include several outliers that will degrade the model performances. The 

same procedure as that used in Nielsen et al., 2022 was used to make the model more robust. We apply 

a weight to each observation to minimize the influence of erroneous observations. The weight associated 

with each observation is calculated using the following expression:  

𝑤𝑖 =  {

1−Φ𝜎=𝜎𝑠𝑎𝑡𝑖
(|𝐻𝑖−𝐻𝑖̂|)

𝑝
,             𝑠𝑖 (1 − Φ(|𝐻𝑖 − 𝐻𝑖̂|)) < 𝑝,

   1                                                  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

              Eq. 13 

 

Where Φ represents a cumulative normal distribution. The weights 𝑤 are initialized to 1 and then be 

recalculated at each iteration.  

 

5 Uncertainty on WSE time series 

5.1 Single mission time series 

Uncertainty is not provided in the time series. However, the standard deviation of all WSE selected as 

valid (see sections 3.2 and 3.3) in the SV polygon is provided for each observation date. 

5.2 Merged time series  

The WSEs estimated by the stochastic merge method can be characterized as PDFs at each time step, 

i.e. defined by a mean and a standard deviation representing the probabilistic dispersion of the estimated 

parameters, also known as the standard error, with respect to the various uncertainties present in the 

problem. 

These uncertainties are calculated by maximizing the log likelihood 𝑙 such that: 

𝑉𝑎𝑟(𝜃) ≈ [−∇2 𝑙(𝜃)]
−1

                  Eq. 14 
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