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Abstract 1 

Satellite radar altimetry observations of water surface elevation (WSE) have become an important data 2 

source to supplement river gauge records. Sentinel-3 is the first radar altimetry mission operating with a 3 

synthetic aperture radar (SAR) altimeter at global scale and with a new on-board tracking system (i.e. open-4 

loop), which has great potential in terms of delivering reliable observations of inland water bodies for the 5 

next two decades (several future missions include an open-loop tracking mode). In this context, it is very 6 

important to investigate the data quality at an early stage. In this study, a comprehensive evaluation of 7 

Sentinel-3A (S3A) is conducted at 50 virtual stations (VS) located on a wide range of rivers in China.  8 

The evaluation of Level 1 data shows that, over mountain rivers, a good prior surface elevation estimate on-9 

board is vital to deliver useful datasets using the S3A open-loop tracking system. The Open-Loop Tracking 10 

Command version 5 (OLTC V5) has significantly improved the placement of the range window, which was 11 

misplaced and resulted in lack of data over many mountain rivers prior to OLTC V5 (March 2019). However, 12 

application of S3A over mountain rivers still require careful evaluation, especially before March 2019.  13 

Four retrackers are evaluated including a physical SAR Altimetry Mode Studies and Applications retracker 14 

(SAMOSA+), a traditional Offset Center Of Gravity (OCOG), a Primary Peak Center Of Gravity (PPCOG), 15 

and a modified Multiple Waveform Persistent Peak (MWaPP+) retracker. For 26 VSs in plain areas, 16 

retracked WSE data achieved a root mean square error (RMSE) ranging from 0.12 m to 0.9 m. The 17 

comparison of retracking methods reveals that SAMOSA+, OCOG, and PPCOG are unable to handle multi-18 

peak waveforms. But the MWaPP+ can significantly improve the accuracy of the estimated WSE over large 19 

rivers, especially when the waveforms are contaminated.  20 

Moreover, our result shows no considerable difference between medium (ca. 300 m wide) and large (wider 21 

than 500 m) rivers. Instead, surrounding topography and homogeneity of surroundings are very important 22 

factors influencing the shape of a waveform. For rivers surrounded by lakes, man-made channels etc., special 23 

care must be taken when processing altimetry data. Dedicated retracking methods, such as MWaPP+, and 24 

sophisticated methods for outlier detection are needed to improve precision over such rivers, as demonstrated 25 

here for the Yangtze River.  26 

Keywords: Water surface elevation, Radar altimetry, Retracking, Sentinel-3, SAR, Open-loop, OLTC 27 

1 Introduction 28 

In many rivers, flow regimes and water volumes are changing due to climate change and intensive 29 

human activities (Arnell and Gosling, 2013; Krasovskaia and Gottschalk, 2002). Therefore, it is important 30 

to monitor the state of rivers. A fundamental quantity of river hydrology/hydraulics is the stage. The stage 31 

of a river/stream is the elevation of the water surface (WSE) above a datum. Stage can be determined either 32 

by manual observation from staff gauges or through automated sensors, such as pressure transducers, optical 33 
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sensors, radio detection and ranging sensors (Sauer and Turnipseed, 2010). However, the density of 34 

traditional ground-based monitoring stations is very limited and there exist institutional barriers that limit 35 

data sharing. Lack of data constrains our ability to observe and predict hydrological events, e.g. flooding, 36 

especially in mountain areas. Several large rivers, originating in and flowing through the Himalayan region, 37 

are not well monitored. However, these rivers are important for the one sixth of the global human population 38 

that live in these river basins (Immerzeel et al., 2010). Hence, there is an urgent need for alternative and 39 

efficient techniques for stage monitoring for these poorly gauged or even ungauged river systems.  40 

In recent decades, satellite radar altimetry has been successfully used to deliver observations of WSE. 41 

Numerous studies have used altimetry observations to extract WSE for inland water bodies such as lakes 42 

and rivers (Jiang et al., 2017a; Kleinherenbrink et al., 2015; Nielsen et al., 2015; Villadsen et al., 2016 among 43 

others). Moreover, altimetry-derived WSE has been used for hydrologic/hydrodynamic modelling 44 

(Domeneghetti et al., 2014; Jiang et al., 2019b; Kittel et al., 2018; Liu et al., 2015; Michailovsky et al., 2013; 45 

Schneider et al., 2018a, 2018b) and river discharge estimation (Leon et al., 2006; Michailovsky et al., 2012; 46 

Sichangi et al., 2016; Tarpanelli et al., 2013). A recent review paper (Jiang et al., 2017b) has summarized 47 

the hydrological applications of satellite altimetry with a specific focus on CryoSat-2, which is the first 48 

satellite altimetry mission with Synthetic Aperture Radar (SAR) altimeter and has demonstrated the value 49 

of SAR altimetry (Nielsen et al., 2017; Villadsen et al., 2016). Thanks to the finer along-track resolution, 50 

SAR altimetry is less influenced by land contamination, islands, etc. compared to conventional low 51 

resolution mode (LRM) altimetry, especially in coastal areas (Dinardo et al., 2018; Idžanović et al., 2018). 52 

The accuracy of satellite altimetry derived WSE has been improved for last 25 years leading to accuracy on 53 

the order of decimeters over rivers (Berry et al., 2005; Normandin et al., 2018) due to a number of factors, 54 

e.g. smaller footprint, the advancement of orbit determination, and retracking, etc. (Wingham et al., 2006).  55 

The Sentinel-3 mission is part of the European Commission’s Copernicus programme. Sentinel-3 is 56 

designed as a constellation of two identical polar orbiting satellites, i.e. Sentinel-3A (S3A) and Sentinel-3B 57 

(S3B) for the provision of high-resolution operational marine and land monitoring services. S3A and S3B 58 

were launched in February 2016 and April 2018, respectively. The dual-frequency (Ku- and C-band) 59 

Synthetic Aperture Radar Altimeter (SRAL) on board the Sentinel-3 mission, which is based on the heritage 60 

from the CryoSat-2 and the Jason missions, has some new features. It is the first satellite altimeter to provide 61 

global coverage in SAR mode, which provides observations at a finer along-track resolution. Another 62 

important characteristic is the on-board tracking mode, i.e. open-loop tracking mode, which controls the 63 

return echo acquisition phase by properly setting its range window in time, based on a prior surface elevation 64 

information on-board. A recent study shows that the data quality of Sentinel-3 is quite good over the Namco 65 

Lake (Jiang et al., 2019a). Compared to CryoSat-2 and SARAL/AltiKa, Sentinel-3 is less affected by 66 

topography in lake coastal regions (Jiang et al., 2019a). However, virtually no information is available on its 67 

performance especially over regions with significant elevation variations. One would expect that the open-68 
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loop tracking mode offers enhanced capabilities with respect to the closed-loop tracking mode over this type 69 

of terrain, but this remains to be demonstrated with real data and results.  70 

With these new characteristics, Sentinel-3 is expected to deliver reliable observations of WSE for inland 71 

water bodies. However, the performance of Sentinel-3 open-loop mode over rivers is not widely reported 72 

and many questions remain to be answered. (1) Can Sentinel-3 deliver reliable measurements of WSE for 73 

mountain rivers, especially those flowing through steep topographic relief, e.g. upstream of the Yangtze, 74 

Yellow rivers, etc.? (2) What is the accuracy of Sentinel-3 derived WSE? (3) Can Sentinel-3 observe medium 75 

rivers (ca. 300 m wide)? To answer these questions, we exhaustively evaluate the Sentinel-3A data during 76 

the past three years over Chinese rivers with varying width and topography.  77 

2 Background 78 

In radar altimetry, a microwave pulse is transmitted by the altimeter, then reflected by the surface, and 79 

finally part of its echo is recorded at the altimeter (Fig. 1). Therefore, to record the echoes from a river, the 80 

range window (typically 60 m) must be positioned correctly in time (i.e. window delay). This is done by the 81 

on-board tracking system in e.g. closed-loop or open-loop (Rosmorduc et al., 2011). The closed-loop mode 82 

has two operational phases: first, the acquisition phase is to detect useful signal and initialize the tracker’s 83 

range window; second, the tracking phase aims at maintaining the range window in the correct position, i.e. 84 

the leading-edge point of the echo is placed within the range window (typically at one third of the full window) 85 

(Chelton et al., 2001). However, since the closed-loop tracking system relies on previous measurements to 86 

position the current range window, previous radar altimetry missions, such as Envisat, Jason-1/-2, CryoSat-87 

2, etc., have had difficulties to measure WSE of rivers which are surrounded by or adjacent to steep 88 

mountains. In other words, the echoes reflected by rivers are not (correctly) recorded due to the position of 89 

the range window as shown in Fig. 1b. Dehecq et al. (2013) showed the inability of CryoSat-2 to track the 90 

regions of interest over the Himalayan range due to the closed-loop tracking. Biancamaria et al. (2018) 91 

reported this issue over French rivers. Similar issues occur in the upper part of the Yangtze and Yellow rivers 92 

in mountain areas (Jiang et al., 2017a). 93 
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 94 
Fig. 1. Illustration of the principle of satellite altimetry (a) and waveforms (b). In (b), six scenarios of range 95 

window positioned differently, demonstrating the corresponding recorded echoes. In the first two cases, 96 

range windows are positioned too early in time so the waveforms only record background noise or small 97 

portion of the leading edge; the next two are correctly positioned and the peak is fully recorded, but the 98 

fourth is better comparatively; in the last two cases, range windows are positioned too late to record the 99 

full peak.  100 

The open-loop mode operates based on prior along-track surface elevations (Digital Elevation Model 101 

(DEM)) uploaded on-board by which the altimeter range window can be properly positioned. Therefore, this 102 

mode does not require an acquisition phase and there is no tracking loss anymore (Desjonquères et al., 2010). 103 

The study of Biancamaria et al. (2018) shows the benefit of open-loop tracking implemented on Jason-3 over 104 

French rivers. However, the quality of the on-board DEM is directly linked with the tracker performance.  105 

Considering the relatively small size of the range window (e.g. 60 m for Sentinel-3), the prior elevation 106 

information on-board is the key factor to deliver reliable echoes in mountain areas. Given that annual 107 

amplitudes of river water level fluctuations are generally smaller than 15 m, a ±5 m accuracy can ensure the 108 

range window enclosing the elevation of a river. However, due to memory limitations, the Sentinel-3 on-109 

board DEM is actually a pseudo-DEM controlled through the Open-Loop Tracking Command (OLTC) table, 110 

which is generated from the 30" ACE2 DEM by applying a surface mask, i.e. Globcover (300 m resolution) 111 

for OLTC V4 on S3A (Sophie Le Gac, personal communication, 2019). More specifically, at locations that 112 

are defined as water, the ACE2 DEM elevation value is assigned to the range window based on predefined 113 

OLTC tables. At other locations, the pseudo-DEM values are interpolated along track using available values 114 

located closest to the present position along the same track (Fig. 2). Thus, the accuracy of the water surface 115 

mask is another important factor determining data availability (Desjonquères et al., 2010). For example, as 116 

illustrated in Fig.2, if small river number 4 is not identified as water, no a-priori elevation is assigned to the 117 
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OLTC. Therefore, the on-board tracking function uses the elevation of the previous target, i.e. river number 118 

3.  119 

 120 

Fig. 2. Illustration of on-board pseudo-DEM available in the OLTC. (a) A-priori elevation stored in OLTC. 121 

Blue dots indicate that a-priori elevation is available while circles indicate no a-priori elevation available. 122 

When no a-priori information is provided, the on-board tracking function uses the latest available 123 

elevation. (b) Topographic cross-section along a satellite ground track. Rivers are in blue.  124 

It should be noted that S3A has been working in open-loop mode with the OLTC V4 until 1st March 125 

2019. However, only 4 virtual stations (VS) are included in OLTC V4 across China, which means the range 126 

window was positioned based on interpolated incorrect values for most VSs. During 2019-03-01 and 2019-127 

03-09, the instrument was working in closed-loop due to the update of OLTC from V4 to V5. And since 128 

then, S3A is working in open-loop again with a new OLTC consisting of around 33000 VSs and covering 129 

the whole area between 60°N to 60°S (Blumstein et al., 2019). Details about the distribution of VSs defined 130 

in OLTC V5 are available on the “OLTC for Hydrology” platform https://www.altimetry-hydro.eu/.  131 

3 Materials and methods 132 

3.1 Study region 133 

China has a vast network of rivers across different landscapes and topographic regions, which provide 134 

a good test bed to validate Sentinel-3 SAR altimetry data over rivers. Most parts of China were covered by 135 

the open-loop tracking mode except the most southern part, i.e. the Pearl River basin before 1st March 2019 136 

under OLTC V4. Since then, the whole study domain is covered by open-loop under OLTC V5. In this study, 137 

50 VSs are selected based on their distance to gauge stations as well as the width and altitude of rivers. As 138 

shown in Fig. 3, these VSs are located across China. Those located in northeastern and eastern parts are 139 

characterized by low elevation and relatively flat topography. These sites allow us to evaluate the 140 

performance of SAR altimetry over diverse river widths. Moreover, to assess the performance of open-loop 141 

tracking over steep topography, some VSs located in the mountain areas are included. Validation of VSs in 142 

https://www.altimetry-hydro.eu/
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the mountain areas is meaningful given that gauging network is very sparse. Poorly gauged regions are the 143 

areas where satellite altimetry has the highest value.  144 

 145 
Fig. 3. Study domain showing the rivers and Sentinel-3A virtual stations (VS) investigated in this study. 146 

VSs with latitude higher than 25° are covered by open-loop control mode and those with latitude lower 147 

than 25° are in closed-loop under OLTC V4. The study domain is fully covered by open-loop under OLTC 148 

V5.   149 

3.2 Sentinel-3 L1b and L2 data processing 150 

We collect Level-1b and Level-1b stack data (July 2016 to June 2019) from ESA GPOD (Grid 151 

Processing On Demand) SARvatore service available at https://gpod.eo.esa.int/services/SENTINEL3_SAR/ 152 

(Dinardo et al., 2014). GPOD allows users to tailor configuration for the data processing. We obtain the 153 

Level-1b and Level-1b stack data according to the following steps (Dinardo et al., 2018; Dinardo and 154 

Benveniste, 2013). First, a Hamming weighting window is applied on the burst data to mitigate the effect of 155 

side-lobes ambiguities or the impact of “ghost” signals originating from very high scattering targets that are 156 

placed outside the main-lobe of the synthetic beam. Second, beam-forming and beam-steering are applied to 157 

form the fan of synthetic Doppler beams and to make the Doppler footprints co-located with the surface 158 

sample locations, respectively. Third, FFT zero-padding (over-sampling the return radar waveform by factor 159 

of two) is applied to sample very peaky echoes from bright targets. Finally, double extension of the receiving 160 

window (temporal use to store stacks) is applied to mitigate on-board tracker errors on rough topography 161 

(Dinardo et al., 2018).  162 

https://gpod.eo.esa.int/services/SENTINEL3_SAR/
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Based on Level 1b stack and Level 1b waveform, we calculate the following parameters. Note that, 163 

some statistics of the stack are derived from the Gaussian fit of the range integrated power (RIP). Fig. 4 164 

shows an example of these metrics.  165 

- Stack Peakiness (SP): maximum fitted RIP divided by the sum of fitted RIP; High SP indicates 166 

river-like (quasi-specular) surfaces 167 

- Maximum power (MP): maximum value of a waveform 168 

- Pulse Peakiness (PP): maximum value of a waveform divided by the sum of the waveform; High 169 

PP indicates a more specular reflection. 170 

- Number of peaks (NP): the number of peaks (larger than 25% of MP) in a waveform (threshold of 171 

25% is based on Villadsen et al., 2016); High NP indicates multiple bright targets.   172 

 173 
Fig. 4. One exemplary L1b stack and corresponding RIP and waveform at VS 18. (b) RIP is calculated by 174 

summing all stacks at each beam, i.e. along x-axis of (a); In this case, stack peakiness is 0.04, indicating a 175 

very narrow and peaky RIP. (b) Waveform is obtained from the bin-wise summation of stacks, i.e. along y-176 

axis of (a); Only echoes between 256 and 384 are shown for clarity. Based on 25% of MP, four peaks are 177 

identified as indicated by numbers in (c). 178 

To retrieve accurate range, L1b needs to be further processed by applying retracking algorithms. In this 179 

study, we use GPOD default SAMOSA+ (Dinardo et al., 2018) retracker for GPOD data. To compare 180 

SAMOSA+ with other widely used retrackers, we also implement OCOG and primary peak COG (PPCOG) 181 

on L1b waveforms (Jain et al., 2015).  The WSE, i.e. L2 data, is the 20 Hz altimetric height above the 182 

reference ellipsoid corrected for all corrections, including instrumental errors, range correction, and 183 

geophysical corrections (dry and wet troposphere, ionosphere, solid earth tide, polar tide). 184 

In addition, for rivers wider than 500 m, we also implemented a modified multiple waveform persistent 185 

peak (MWaPP+) retracker (Villadsen et al., 2016). The assumption is that one peak reflected by the river 186 

occurs in all waveforms, but other peaks reflected by other bright targets or off-nadir water bodies are less 187 

likely to be persistent. In this study, our approach is slightly different from the MWaPP+ proposed by 188 

Villadsen et al. (2016). For each track, a new waveform is formed by taking the median of all available 189 
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waveforms. Median value is robust because it is less sensitive to extreme values. Instead of the first sub-190 

waveform, we extract the sub-waveform with largest peak assuming that the persistent peak dominates the 191 

full waveform. Then the 80% threshold of the amplitude of the sub-waveform is used to locate the retracking 192 

point.  193 

3.3 WSE data editing 194 

To determine which radar measurements are reflected by water surfaces, we use a water surface mask 195 

(Pekel et al., 2016) to select L2 observations. Specifically, we use the occurrence dataset with a threshold of 196 

10, i.e. water occurrence frequency is 10% between 1984 and 2015. In addition, we also use DEM ± 10 m 197 

to discard outliers. Therefore, for some passes, there may be no observation for narrow rivers. The median 198 

value of all retracked WSE of the same pass for a given VS is used to construct altimetric WSE time series. 199 

It should be noted that, regarding MWaPP+ retracked WSE, there is only one value for each pass. Obvious 200 

outliers in the dry season are not counted when calculating the RMSE.  201 

3.4 Gauging station data 202 

The in-situ network consists of 50 hydrological gauge stations, which are within 3 km distance to the 203 

corresponding VS. In-situ daily stage data are collected for validation of Sentinel-3A WSE data during 204 

January 2016 – June 2019 from the Hydroinfo website managed by the Ministry of Water Resources of 205 

China (http://xxfb.mwr.cn/index.html). Both stage data and S3A WSE are transformed to water level 206 

anomaly by subtracting the mean value for comparison purposes due to unknown local vertical datums.  207 

4 Results and discussion 208 

Given that L2 is retrieved from L1 data, in this section, we start with the investigation of L1b data with 209 

the aim of understanding whether S3A works in open-loop mode with different OLTCs, especially in 210 

mountain areas. Subsequently, we present the L2 WSE retrieval and validation.   211 

4.1 Characteristics of L1b data (stacks and waveforms) under OLTC V4 and OLTC V5 212 

Fig. 5 shows the four statistical metrics under OLTC V4 and OLTC V5 for the two periods, i.e. before 213 

1st March and after 9th March 2019. PP and SP agree well with each other and are larger than 0.1 and 0.2 for 214 

most VSs, respectively. This is to say the waveform is peaky and stack is narrow, indicating that the echoes 215 

are less sensitive to land contaminations. Rivers have smooth mirror-like surfaces which usually exhibit 216 

quasi-specular reflection instead of diffusive reflection. Therefore, these metrics can be used to filter out 217 

some abnormal waveforms. Besides, the metric of NP is a more robust measure to identify whether the 218 

waveform is contaminated by multiple bright objects. It is well known that multi-peak waveforms contain 219 

echoes from different ground surfaces, and it is difficult to identify the one reflected by the nadir river surface. 220 

Taking VSs 12, 13, 16 and 17 as examples, although their PP and SP are large (see Figs. 5a and b), their NP 221 

http://xxfb.mwr.cn/index.html
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are generally larger than 1. These multi-peak waveforms result in high RMSE of estimated WSE (shown in 222 

following section). It is well known that echoes reflected by a calm water surface have a higher power (c.a. 223 

10-16 - 10-12 W). Lower power (Fig.4d) indicates the echoes are probably not reflected by water, and therefore 224 

some VSs have very small PP, SP, and large NP (Fig.5). Waveforms of these VSs only record noisy echoes 225 

that are a few orders of magnitude smaller than those reflected by water surface. Therefore, the maximum 226 

power should first be checked when processing L2 data from rivers. It is worth noting that the four metrics 227 

are similar in the two periods for most VSs, but hugely different in the two periods for 11 VSs, especially 228 

the maximum power (Fig. 5d).  229 

 230 
Fig. 5. Characteristics of Sentinel-3A stack and waveform for 50 VSs (x-axis). Blue bars stand for metrics 231 

before 1st March 2019 (OLTC V4) while red bars are metrics after 9th March 2019 (OLTC V5). Numbers 232 

along x-axis are IDs of VSs as indicated in Fig. 3.  233 

4.1.1 Why did S3A in open-loop mode (prior to March 2019) fail to detect rivers in mountain 234 

areas? 235 
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As shown in Fig. 5, S3A failed to deliver useful data for 11 VSs, which are mainly located in 236 

mountainous areas (Fig. 3) in the period prior to March 2019. The main reason is that the on-board DEM, 237 

i.e. OLTC V4 on S3A did not hold a correct terrain height value for these targets, which leads to an 238 

incorrectly positioned range window. In other words, the returned waveforms do not include any echoes 239 

from the water surface, but they resemble background noise (low power as shown in Fig. 5d). This can be 240 

verified by comparing altimetry retrieved WSE with a DEM. For example, in Fig. 6, the S3A-derived height 241 

is far from the true water surface elevation of the rivers. Clearly, the range window was completely wrongly 242 

positioned. As shown in Fig. 6, the return echoes are in the order of 10-18 W. Compared to those reflected by 243 

water surfaces, these echoes are very small, which shows that the recorded signals are only background 244 

noises (Figs. 6c and d). There is a small difference between these two cases. For track 67, the range window 245 

is positioned too high, and thus the signal received is just thermal noise. However, for track 4, the range 246 

window is positioned too low, which means that it is too late to capture the signal returned from the river. 247 

Both cases result in very noisy waveforms. This is also revealed by the low values of PP and SP reported in 248 

the previous section (VS 36).  249 

This problem can be attributed to the errors in on-board DEM, which arise from the inappropriate 250 

interpolation method as implemented on-board to reduce the size of the DEM. As confirmed with OLTC 251 

platform website (https://www.altimetry-hydro.eu/), there is no a-priori surface elevation information for all 252 

the 11 VSs where S3A failed to detect rivers with the OLTC V4. This also explains the findings of no useful 253 

data and degraded data over the Brahmaputra river in a recent study (Huang et al., 2019).  254 

 255 

Fig. 6. Demonstration of wrong observations of S3A at VS 36 due to erroneously positioned range 256 

window. (a) Ground positions of two tracks. (b) Altimetry derived heights versus SRTM DEM; grey bars 257 

https://www.altimetry-hydro.eu/
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indicate the location of river channels where ground tracks cross. (c) Several L1b waveforms of track 67. 258 

(d) Several waveforms of track 4.   259 

4.1.2 How does the open-loop mode work with the OLTC V5 since march 2019? 260 

To better explore the detection capability of the open-loop mode, we investigated S3A data obtained 261 

with new OLTC V5 since 9th March 2019. A rule of thumb is to check the maximum power of the waveforms. 262 

As shown in Fig. 5d, S3A performs better with OLTC V5 in terms of maximum power. Fig. 7 exemplifies 263 

the improvement of data under OLTC V5. Clearly, S3A failed to detect the river under OLTC V4 while it 264 

works well using OLTC V5 (Figs. 7b & e). Closed-loop trackers have problems to detect the river in such a 265 

steep valley, because they depend on the previous measurements. Open-loop trackers should not have this 266 

problem, as long as they have an accurate reference elevation. As revealed by the retracked heights of track 267 

67, the range window was wrongly set at around 3750 m over the river channel. Because of these 268 

settings,S3A recorded only background noises until the update of OLTC V5 that has pre-defined the 269 

elevation of VS 35 as 3078 m (https://www.altimetry-hydro.eu/). Therefore, echoes reflected by the river 270 

can be recorded in the waveforms as shown in Fig. 7c. Similarly, track 4 has successfully detected the river 271 

although the river width is just 150 m.  272 

 273 

Fig. 7. Comparison of delivered data at VS 36 in open-loop mode under OLTC V4 and OLTC V5. (a) and 274 

(d) ground location of track 67 and track 4. (b) and (e) ground elevation from DEM and retracked heights 275 

under OLTC V4 and V5. Note that, the river channel is indicated by grey bar. (c) and (f) Several L1b 276 

waveforms of track 67 and track 4.  277 

However, OLTC V5 did not solve the problems for all VSs we investigated. At VS 8 and 44 the water 278 

surface can still not be detected. At these two locations, no a priori DEM is defined in OLTC V5. The range 279 

https://www.altimetry-hydro.eu/
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window position is far away from river elevation due to incorrect on-board interpolated DEM. More work 280 

is needed to improve the OLTC table. Another shortcoming of current OLTC is that a constant elevation 281 

value is given to all locations within and close to a river for each VS. We know that SAR multi-looking 282 

process not only uses the look (also called beam) that is taken when the satellite is exactly above a river, but 283 

also considers those looks 7.5 km away from the river. Therefore, the slant range should be within the given 284 

value.  285 

4.2 Performance of retracked L2 WSE 286 

Due to the invalid waveforms of 11 VSs for the period of July 2016 to March 2019, we only consider 287 

the other 39 VSs. Fig. 8 presents the performance of S3A in terms of RMSE of retracked WSE. 19 VSs show 288 

good data quality with a RMSE value smaller than 0.6 m, among which 7 VSs show very good agreement 289 

with a RMSE ≤ 0.3 m. Another 7 VSs show a moderate RMSE value, ranging from 0.6 m to 0.9 m. 290 

Nevertheless, one third has relatively poor performance regardless of river width. Some of them occur over 291 

some tributaries of the Songhua River and the Yangtze River. In the following sections, we will present how 292 

different retrackers perform and how the surrounding terrain affects WSE retrieval.  293 

 294 

Fig. 8. S3A performance in terms of RMSE of retracked heights against in-situ records. Note that, the best 295 

RMSE is used among three (four if available) retrackers.  For some VSs, there is no useable data delivered, 296 

and therefore no RMSE is available, indicated by n.a. in legend. The categories are based on previously 297 

reported accuracy (Table 1 in Villadsen et al., 2016).  298 
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4.2.1 Comparison of retracking methods  299 

As shown in Fig. 9, there is no significant difference in terms of average accuracy among SAMOSA+, 300 

OCOG, and PPCOG retrackers although they are performing very differently, especially for multi-peak 301 

waveforms (e.g. VS 10-17). It should be noted that when calculating RMSE, all observations are used to 302 

derive time series. The RMSEs might be smaller if only well-behaved waveforms are used or an ad hoc 303 

outlier detection strategy is applied.   304 

Interestingly, all three retrackers consistently perform poorly over the Yangtze River (i.e. VS 18-27) 305 

although the river widths are relatively large. An investigation into L1b waveforms reveals that the 306 

complexity of waveforms is the reason for the poor performance (See Fig. B1 for an example of multi-peak 307 

waveforms). Although the range window was positioned correctly, i.e. signals reflected by the river are 308 

contained in the waveforms, the retrackers could not find the range bin which corresponds to the water 309 

surface. This is because the multi-peak waveforms reflected by those targets contradict the assumptions of 310 

the three retrackers. The SAMOSA+ retracks a modelled waveform which fits a single-peak waveform. 311 

Obviously, it incurs inaccuracies when retracking multi-peak waveforms. The OCOG retracker considers 312 

the full waveform, but only one peak in the waveform represents the water surface signal. As multiple peaks 313 

contribute to the center of gravity (COG), the OCOG retracked elevation is biased. The rationale of PPCOG 314 

is that the first peak is the signal from the nadir water surface, but that does not have to be the case if other 315 

water surfaces surrounding the river are higher.  316 

 317 
Fig. 9. Comparison of the performance of three (four if applicable) retrackers for 39 VSs. Y-axis uses 318 

logarithmic scales. X-label indicates the VS ID. Note that, the  MWaPP+ is not always applied.  319 

Comparatively, the MWaPP+ works best in most cases (Fig. 9). To demonstrate the differences among 320 

retracking methods, five VSs located on the Yangtze River are shown in Fig. 10. Clearly, the MWaPP+ is 321 

less sensitive to off-nadir water bodies and other bright targets, while there are large differences between the 322 

retracked water levels and the in-situ records for the other three retrackers, especially VS 18, 19, and 25 (Fig. 323 

10). Fig. 10e shows that the three retrackers consistently retrieve WSE of c.a. 9 m. The waveforms are 324 
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probably dominated by other water bodies. In this case, MWaPP+ also has problems to retrack the correct 325 

peak reflected by the river. Nevertheless, there is a higher possibility that MWaPP+ retracks the peak 326 

reflected by the river, and the retracked WSE outliers are easier to be detected. This approach could 327 

potentially be applied to narrow rivers by considering several measurements close to rivers, but the off-328 

ranging issue needs to be taken into account.  329 

 330 
Fig. 10. Comparison of WSE retracted by four methods and gauged water level at five VSs located along 331 

the Yangtze River. (a) - (e) correspond to VS 18 - 20, 25 - 26. Note that, individual retracked WSE is 332 

shown for SAMOSA+, OCOG, and PPCOG.  333 

4.2.2 Influence of river width and surroundings on WSE 334 

Although it is generally acknowledged that satellite altimetry performs better over large rivers, our 335 

results do not show a clear dependence of S3 performance on river width (Fig. 8 and Table A1). Some VSs 336 
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located on a large river, show very noisy waveforms (lower PP values, e.g. VS 10, 20 etc., Fig. 5) and have 337 

a poor RMSE (Fig. 9). In contrast, some VSs over medium-sized rivers (e.g. VS 14, 17, 42 etc.) achieve an 338 

acceptable performance (RMSE < 0.6 m). Some previous studies also reported small RMSE over small rivers. 339 

Sulistioadi et al. (2015) reported that the accuracy of Envisat RA-2 over a medium-sized river (width 247 m) 340 

is around 0.72 m. Kuo and Kao (2011) revealed that the accuracy of river heights retrieved from Jason-2 341 

over a small river (< 200 m in dry season) is 0.31 m.  342 

As shown previously, the quality of retracked WSE over larger rivers, e.g. the Yangtze river, is not 343 

necessarily better than medium rivers. Given that the footprint of satellite radar altimeters is relatively large 344 

(15 km across-track and 300 m along-track for S3), the ability to detect a river is dependent on river width 345 

and the orientation with respect to the satellite ground track (Jiang et al., 2017b); and to a larger extent, data 346 

quality is determined by the environmental factors, such as the surrounding topographic relief, land cover 347 

type surrounding the rivers, as well as the instrument design and configuration (Biancamaria et al., 2018; 348 

Maillard et al., 2015). The environmental factors can seriously contaminate waveforms, making it difficult 349 

to retrieve correct WSE. For many of the investigated VSs with a large RMSE, the echoes are not single-350 

peak waveforms. These contaminated waveforms could be attributed to small lakes, sand banks, building 351 

roofs, ships, etc. (Biancamaria et al., 2017; Gómez-Enri et al., 2016).  352 

Moreover, environmental factors can also cause the “snagging” effect, where the retrievals do not 353 

represent the correct WSE of rivers. The noisy waveforms at VS e.g. 22, 24, are caused by snagging, e.g. 354 

altimeter locking on off-nadir targets. As shown in Fig. 11, there are many small lakes close to the river, and 355 

their elevations are higher than river WSE. Therefore, the waveform is dominated by echoes reflected by 356 

small lakes which usually have strong reflectance due to a calm surface. This explains the wrong retracked 357 

WSE which shows no obvious seasonality as shown in Fig. 11.  358 

This effect could be eliminated through a careful analysis of waveforms and discarding invalid 359 

measurements. For example, a priori information, such as historical river stage records, could also help to 360 

filter outliers out although a lot of measurements will be lost. However, this kind of approaches does not 361 

solve the problem fundamentally. By discarding some contaminated waveforms, those methods indeed 362 

improve the overall accuracy, but reduce the number of measurements in a time series (Armitage and 363 

Davidson, 2014). Alternatively, a dedicated sub-waveform selection strategy could be used to extract the 364 

target sub-waveform, e.g. last peak in the cases shown in Fig. 11. Another approach could be applied is the 365 

fully focused SAR, which can obtain an along-track resolution of 0.5 m (Egido and Smith, 2016). This 366 

smaller footprint could differentiate different targets along-track but still be subject to across-track 367 

heterogeneous surfaces. Technically, this issue can be potentially solved by across-track interferometry if 368 

future missions can operate in SARIn mode. This has been demonstrated for the CryoSat-2 SARIn over 369 

coastal regions and sea ice (Abulaitijiang et al., 2015; Armitage and Davidson, 2014).  370 
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 371 

Fig. 11. Exemplary snagging effect on VS 22 (a and b) and 24 (c and d). (a) and (b) show the water bodies 372 

using Global Surface Water Explorer (https://global-surface-water.appspot.com/map). Some small lakes 373 

close by are highlighted. (c) and (d) show retracked WSE against in-situ records.  374 

 375 

5 Summary and conclusions  376 

Satellite radar altimetry is now widely used by hydrologists for the purposes of surface water monitoring 377 

and hydrologic/hydrodynamic model calibrations, especially in poorly ungauged regions and transboundary 378 

basins, where in-situ gauge records may be classified. However, it is well known that altimeters have 379 

difficulties to track rivers in mountain areas. To overcome this issue, an open-loop tracking mode is available 380 

on Sentinel-3A (S3A) where the altimeter range window is positioned using a-priori information of the 381 

surface height. In this way, tracking of rivers in rugged topography can be guaranteed in principle.     382 

In this study, we have evaluated the performance of S3A across diverse rivers (50 virtual stations (VS)) 383 

in China in terms of Level 1 data and Level 2 retracked water surface elevation (WSE). In the following we 384 

summarize this study to answer the questions posed in the introduction, i.e. Can S3A deliver reliable 385 

measurements of WSE for mountain rivers? What is the accuracy of S3A derived WSE? Can S3A observe 386 

medium rivers (of width around or smaller than 300 m)? 387 

Whether a river can be measured depends on the altimeter’s tracking function. Valid signals are recorded 388 

by the altimeter only if the elevation of a river is within its range window. The evaluation is based on several 389 

metrics derived from L1 data. We found that S3A did not deliver useful Level 1 data for 11 VSs prior to 1st 390 

March 2019, which are mainly located in mountain areas. Investigation shows that the main problem can be 391 

attributed to the incorrect on-board pseudo-DEM (OLTC V4), which leads to a wrongly positioned range 392 

https://global-surface-water.appspot.com/map
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window. Therefore, Level 1 data do not enclose useful echoes reflected by rivers. Further investigation 393 

reveals that valid data has been delivered for most VSs after the update of on-board DEM table, i.e. OLTC 394 

V5. Therefore, S3A is capable of delivering WSE for mountain rivers if the corresponding VSs are defined 395 

in OLTC V5 and appropriate target elevation is available on-board.  396 

We implemented different retracking methods to retrieve Level 2 WSE for 39 VSs. Specifically, 19 397 

(49%) VSs show small RMSE values ranging from 0.12 to 0.6 m. Seven (18%) VSs achieve moderate RMSE 398 

values (0.6 - 0.9 m). The remaining 13 (33%) VSs show relatively larger RMSE values, ranging from 0.9 m 399 

to a few meters. The comparison reveals that SAMOSA+, OCOG, and PPCOG perform poorly for some of 400 

the VSs, especially those located along the Yangtze and the Pearl Rivers. Analysis of the waveforms reveal 401 

that the main reason is due to multi-peak waveforms. This makes it difficult for the retracker to find the 402 

correct bin, which corresponds to echoes from river itself. By taking advantage of persistent peak in adjacent 403 

waveforms, as implemented in MWaPP+ retracker, we are able to improve the retracking of the correct bin 404 

in most cases. This method shows significant advantages over the other three methods for river WSE retrieval.  405 

In addition, our results show no clear dependence of measurement performance on the river width. S3A 406 

can deliver measurements for medium rivers as good as large ones. It should be noted that the surrounding 407 

terrain is the main factor determining whether the WSE can be successfully retrieved. Snagging is a major 408 

issue for the VSs in the Yangtze river basin due to widely distributed small lakes in the vicinity of the river. 409 

In this regard, we suggest using MWaPP+ or similar methods for retracking. However, there is no one-size-410 

fits-all retracking approach for different rivers considering the width, flow direction relative to the orbit 411 

orientation, and surrounding terrain.  412 
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Appendix A 418 

Table A1. Characteristics of each virtual station and the performance of different retracking methods (rows 419 

greyed out indicate that L1 data are invalid for the period prior to 1st March 2019).   420 

VS 
ID Lon (°) Lat (°) Altitude 

(m amsl) 

River 
width 
(m) 

SAMOSA+  
RMSE (m) 

OCOG  
RMSE (m) 

PPCOG 
RMSE (m) 

 MWaPP+ 
RMSE (m) 

1 82.747 41.029 966 100 - 600 0.53 0.48 0.48 - 
2 81.05 40.53 1017 40 - 520 1.59 1.56 1.38 - 
3 91.726 29.868 3813 100-1300 - - - - 
4 97.384 32.837 3480 150 - - - - 
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5 98.759 31.489 3001 170 - - - - 
6 100 26.885 1810 500 2.17 1.04 0.97 0.87 
7 99.845 31.624 3370 80 - - - - 
8 102.811 30.368 990 60 - - - - 
9 102.905 30.018 611 65 - - - - 
10 103.898 29.271 325 470 1.57 3.85 1.34 - 
11 103.761 32.246 2401 30 - - - - 
12 105.006 29.186 266 220 6.28 3.47 0.48 - 
13 105.431 31.034 352 160 5.81 0.32 1.06 - 
14 106.342 31.123 294 270 0.28 1.43 0.28 - 
15 106.566 30.311 203 330 0.63 1.95 0.74 - 
16 107.155 31.001 240 390 0.48 0.91 0.49 - 
17 110.163 27.359 148 320 0.40 1.41 0.34 - 
18 113.316 29.648 19 2000 2.78 2.20 3.23 0.33 
19 112.42 29.749 25 760 3.15 1.90 2.37 0.45 
20 112.179 30.308 33 1400 2.21 0.75 1.23 1.79 
21 115.418 26.967 86 70 3.71 3.56 3.94 - 
22 115.571 28.121 17 600 2.30 2.83 3.42 2.08 
23 115.741 28.19 15 420 2.75 2.83 2.80 - 
24 115.876 28.694 12 960 2.40 2.47 2.13 0.34 
25 116.121 29.763 10 2000 1.19 0.95 1.78 0.39 
26 117.656 30.781 1 2000 3.11 3.11 3.38 1.25 
27 118.452 31.316 5 180 2.17 2.07 2.12 - 
28 110.203 23.565 20 580 1.44 1.70 0.80 0.26 
29 111.643 23.163 0 750 - - - - 
30 112.568 23.126 0 410 0.53 1.70 1.95 - 
31 112.979 23.673 5 1000 0.30 0.31 0.27 0.35 
32 114.433 23.111 7 600 0.96 1.11 1.37 0.13 
33 116.976 32.679 17 550 0.54 0.31 0.25 0.37 
34 114.074 32.324 69 300 6.39 3.60 4.80 - 
35 99.529 33.787 3974 750 - - - - 
36 100.677 34.677 3076 150 - - - - 
37 104.722 36.681 1382 210 0.44 1.99 2.67 - 
38 106.802 39.222 1088 480 0.75 0.93 1.31 - 
39 113.664 34.91 91 700 0.33 1.62 2.07 0.22 
40 114.601 34.913 72 680 0.14 0.12 0.35 0.15 
41 115.349 35.559 52 500 0.64 1.00 1.69 0.78 
42 116.114 36.132 38 300 0.53 0.67 1.40 - 
43 117.634 37.26 13 300 1.12 1.43 1.27 - 
44 118.485 40.614 297 160 - - - - 
45 124.257 48.536 203 310 1.31 1.76 1.10 - 
46 122.883 47.48 212 220 1.11 1.47 0.75 - 
47 126.159 45.132 135 160 1.19 1.15 1.87 - 
48 129.326 44.172 255 190 1.21 1.37 0.65 - 
49 129.567 46.003 110 290 1.62 2.19 1.54 - 
50 126.582 51.656 168 180 1.77 4.14 1.95 - 

Appendix B 421 
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 422 

Fig. B1. An example of waveforms with multiple peaks at VS 18, downstream of the Yangtze River. 423 

Only part of the full waveform is shown in each plot for clarity. 424 
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