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Abstract – Although the space missions discussed here were not primarily dedicated to 

hydrology, 20 years of satellite altimetry have furnished complementary data that can be used to 

create hydrological products for river basin, such as time series of stages spread throughout the 

basins, estimated discharges of rivers, derive longitudinal altitude profiles of river bed, lowest and 

highest stages, or leveling of in situ stations. Raw data still suffer uncertainties of several 

decimeters. Today, the altimetry techniques are evolving rapidly. One direction is the change of the 

radar band, from Ku to Ka. Other change is the replacement of today LR Mode to SAR or 

Interferometry modes. Both evolutions tend to diminish dramatically the ground footprint, reducing 

as much the contamination of the echo by the environment of the water body, and improving as 

much the vertical accuracy. Last, from 2015, the research class missions will be replaced by 

operational ones, making the long living of the sampling locations more certain. All the 

aforementioned technical evolutions will be grouped in the SWOT mission, a Ka band 

interferometric swath altimeter, the first satellite mission actually dedicated to provide full coverage 

of the continental waters, to be launched in the early 2020’s.  
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INTRODUCTION 

 Level is one of the hydrological quantities that are considered routinely when evaluating 

societies’ basic need for fresh waters. The monitoring of this variable is accomplished through nets 

of hydrometric stations organized at the national level. This monitoring requires that an extended 

net is maintained over very long time periods, with high cost of installation and maintenance 

(Alsdorf et al., 2001). The system of hydrological information HidroWeb, maintained by the 

National Water Agency (ANA) of Brazil contains numerous gauging stations. In spite of this huge 

hydrological network, the spatial resolution is limited and the update of the information can take 6 

to 12 months. Besides, the Amazon basin is a transboundary basin. Consequently, Brazil cannot 

decide on the sampling scheme in the entire basin, in particular in the Andean parts of the basin that 

belong to other countries, whatever its need for the hydrological information. Remote sensors, 

embarked in satellites, provide an acceptable space and time resolution, providing a synoptic and 

multi-temporal vision of such extensive areas with complex seasonal variability, difficult access 

and, limited infrastructure (Florenzano, 2002). Satellite altimetry is already a robust technique in the 

oceanic domain. Altimetric satellites collect with a centimetric precision the instantaneous height of 

the oceanic surface. For 2 decades, several groups have worked to develop this technique for the 
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continental waters (Birkett, 2002, Calmant  and Seyler, 2006; Creteaux and Birkett ,2006; Asdorf et 

al., 2007, Calmant et al., 2008; Silva et al., 2012). This paper presents the major advantages and 

drawbacks of radar altimetric data used in hydrology today, either in situ or space borne. 

 

MEASUREMENT PRINCIPLES 

 Altimeters installed onboard various satellite missions emit a pulse towards the nadir and 

receive the echo reflected by the water surface level. The half time span for the pulse to be reflected 

back to the altimeter corresponds to the distance ρ run by the electromagnetic pulse between the 

satellite and the Earth’s surface, assuming that the pulse is propagating at the speed of light. The 

satellite altitude as with respect to a reference ellipsoid is known accurately by orbitography 

modeling. Therefore, the height H of the reflector with respect to the geodetic reference is given at 

each pass of the satellite. Corrections relating to the delayed propagation through the atmosphere, 

the interaction with the ionosphere, and the solid Earth tides are taken into account: 

 

                                               (1) 

 

where Ciono is the correction for delayed propagation through the ionosphere, Cdry and Cwet are 

corrections for delayed propagation in the atmosphere, accounting respectively for pressure and 

humidity variations, and Cst and Cpt are the corrections for crustal vertical motions, respectively, 

due to the solid and polar tides. Errors in all these corrections were not evaluated in this study. A 

full discussion of the derivation of altimetric heights and their associated errors can be found in Fu 

and Cazenave (2001). 

 

BRIEF HISTORY OF SATELLITE ALTIMETRY APPLICATIONS TO HYDROLOGY  

 

 GEOS3 was the first altimeter to be dedicated to ocean mapping, but yet, some authors sought 

to use these new sensors to land mapping and continental water monitoring. Miller (1979) shown 

that GEOS3 data could be used to monitor lakes water level. From these pioneer studies, three main 

applications have been drawn. A review of the application of radar altimetry to hydrology can be 

found in Calmant and Seyler (2006) and Calmant et al. (2008). We will only give here some salient 

points: 

 a) The first line of applications concerns water resource monitoring in relation with climate 

and agriculture. The studies in this line are numerous. We can cite Mason et al. (1985), Morris and 

Gill (1994), Birkett (1995), Ponchaut and Cazenave (1998), Birkett et al. (1999), Birkett (2000), de 

Oliveira Campos et al. (2001), Mercier et al. (2002), YI et al. (2012). Most of these studies were 

conducted over great lakes. A review of radar altimetry over lakes can be found in Creteaux and 

Birkett (2006). The first study on a river system was conducted by Koblinsky et al. (1993) from 

GEOSAT waveforms. They estimated to 70 cm rms the discrepancy between satellite and in situ 

measurements at four sites on the Amazon. They attributed partly the uncertainties to the orbit 

determination, but partly to the in situ record, and we will comment that in the next paragraph. The 

altimetric data that have been most used in river studies have been those of T/P (10 day repeat 

period, between 1992 and 2002 (Birkett, 2002, Leon, 2006, Zhang, 2010). ENVISAT (following the 

ERS series started in 1991 with a 35-day repeat period) mission has been used afterward in many 

studies (Berry et al.,2005; Frappart et al. 2006; Silva et al. 2010) with a purpose of validation on 

rivers. Water level time series with decimeter accuracy were obtained for wetland in Silva (2010) 
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and Silva et al. (2012). Calmant et al. (2013) has been estimated 1.044 m ± 0.212m of the bias in 

the ENVISAT ranges derived from the ICE-1 waveform retracking over rivers. 

 b) The second great application of satellite altimetry for hydrology is coming from the fact 

that altimeters paths are crossing water bodies at all types of hydrological situations.  Hydrologic 

networks in situ stations are located in narrow, straight sections of the river, as they are to be 

gauged from time to time, to estimate discharge and be able to relate river stage and discharge, in 

linear stage-discharge relationship known as rating curve. For this reason the status of wetlands 

water level is largely unknown globally. The first application of satellite altimetry for monitoring 

wetlands has been by Cudlip et al., (1992). But it is difficult to distinguish river and floodplain with 

T/P data. Birkett et al. (2002) have succeeded in a number of cases as a phase offset of a few days 

in stage variations between river and nearby floodplain has occasionally been observed. Frappart et 

al. (2005) have determined spatiotemporal variations of water volume over the main stream jointly 

with the floodplain in the Negro River basin, using area variation estimates for a seasonal cycle 

captured by the Synthetic Aperture Radar (SAR) onboard the Japanese Earth Resources Satellite 

(JERS-1), and changes in water level from the T/P altimetry at 88 altimetric stations, combined with 

8 in situ liminigraphic stations. A volume variation of 331 km
3
 was estimated for the whole Negro 

basin, enhancing the complex relationship between the volume potentially stored in the inundated 

area and the volume flow during the same period. Similarly, Frappart et al. (2006) monitored the 

flood propagation along the Mekong River by combining satellite altimetry data and SPOT4 

vegetation imagery. Recently Frappart et al., (2008 and 2012) have used combined satellite imagery 

to re-estimate the volume of water stored in the inundation plains of the Negro basin and the over 

the Amazon basin with a better temporal resolution. The first study using ENVISAT data to 

examine the relationship between river and floodplain through the differences in water levels was 

conducted by Cauhope, (2004). On the same floodplain located in the Amazon basin, Bonnet et al. 

(2008) have modeled the transfer of water between river and floodplain partly based on altimetric 

water levels time series.  

 c) The third application is using the unique reference system of the altimetric data for 

studying the slope of the rivers and therefore be able to model the hydrodynamics. As for the other 

applications the pioneer works were conducted on the Amazon main stem with SEASAT data 

(Guskowska et al., 1990; Cudlip et al.,1992; Mertes et al., 1996 and Dunne et al. (1998) and T/P 

data (Birkett et al., 2002). With mixed T/P and ENVISAT data, Leon et al. (2006a and 2006b) and 

Getirana et al. (2009) with ENVISAT data have proposed different methodology to derive stream 

profiles from the river bed height and slope derived from altimetry, through the estimation of rating 

curves at the altimetric virtual stations. Some works have estimated discharge at altimetric stations 

using empirical regressions from in situ gauging stations (Coe and Birkett , 2004; Kouraev et al., 

2004; Zakharova et al., 2006). 

 

DRAWBACKS OF CURRENT MISSIONS 

 

 The major drawbacks in using satellite altimetry for hydrology are often reported as being the 

precision of the measurements and the revisit time of the altimeters (10 days for T/P and Jason and 

35 days for ERS/ENVISAT). We can add the lack of reliable data in case of steep relief close to the 

margin and before the river in the flight direction (Seyler et al., 2008). Also, Birkett et al., (2002) 

stated that for T/P, the river reach had to be larger than 1 km. Seyler et al., (2009), Silva et al., 

(2010) and Silva et al., (2012) have shown that the width of the river reach does not appear as a 

factor strongly affecting the quality of the series for all the missions. Using ENVISAT, seasonal 
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fluctuation of river stage can be captured for wetlands and rivers as narrow as 50 m wide. (see 

example of Rio Pardo in Silva et al., 2010). 

 As for precision and revisit time, most of the studies attempting to validate altimetric data 

have used comparison with in situ data. Bercher et al. (2006) evaluated the amount of information 

lost due to the revisit time of the currently used radar altimeters under-sampling, compared with 

daily measurements at in situ stations. Roux et al. (2008) have proposed a methodology for 

reconstructing daily time series at the location of an altimetry track by combining its spectral 

information with that of gauges in the vicinity. The method is based on a linear model exploiting 

data at a limited number of in situ data. But for some hydrologic applications, as monitoring fast 

flood events, hourly or even more frequent measurements are needed. Nevertheless, basin wide 

daily in situ water stage measurements have never been questioned for most hydrological 

application, neither.  

 

FUTURE MISSIONS AND IMPROVEMENTS FORESEEN 

 Altimetry over rivers evolved rapidly during the past decade and will evolve even more in the 

coming years. As aforementioned, the quality of the time series improved significantly from ERS2 

to ENVISAT in the one hand (Silva et al., 2010) and from T/P to J2 in the other hand (Seyler et al., 

2013). An interesting point to be highlighted is the evolution in the capability of radar altimetry to 

sample narrow reaches (see introduction). All the existing missions were operating radar pulses in 

Ku band radar pulses in Low Resolution Mode (LRM). The two major evolutions to arrive in the 

coming years are the change from Ku to Ka band and the change from LR Mode to Synthetic 

Aperture Radar mode. In Ka band, the ground footprint is about ten times smaller than it is in Ku 

band. Consequently, the possible pollution of the radar echo from the ground environment of the 

water body to be monitored is reduced and “purer” echoes are expected, making the range 

evaluation from the two-way travel time of the pulse is more precise. Another advantage of the Ka 

band vs the Ku band is that the reduced interaction of the electromagnetic wave with the 

ionosphere. In Ku band, this interaction requires that the altimeter be dual-frequency. In Ka band, 

the altimeter can be lighter, single frequency. The first Ka band mission to be launched is the joint 

India-France mission AltiKa. It is scheduled to be launched in early 2013. It will re-use the same 

sun-synchronous orbit as ERS1, ERS2 and ENVISAT used, permitting the extension of the time 

series of water level interrupted by the orbit change of ENVISAT in 2010. 

 The LR mode was based on a low rate of emission of the pulse (typically ~2 kHz) in order 

that the echoes received are uncorrelated and can be added to significantly remove the random 

noise. Conversely, in SAR mode, a high rate of emission is performed (over 15 kHz) in order that 

the correlation between the echoes can be used to slice the footprint bouncing back the energy to the 

satellite antenna by differentiating the successive echoes, reducing the footprint to being a small 

band of a few hundreds of meter in the along track direction. This new technology has been 

successfully used in the Cryosat-2 satellite, launched in 2008. Given the difficulties encountered in 

the processing of this new types of measurements, few results are been published yet but pioneer 

study by Bercher et al. (2012) showed very promising capabilities. Yet, such a mission is mostly 

important by the demonstrating the performance of the technology, in order that operational 

satellites based on this knowledge be funded. Europe decided to launch a series of Earth 

Observation satellites in the frame of the GMES project.  

 Among these, the SENTINEL-3 satellites will embark Ku band SAR altimeters. Although 

these were not primarily dedicated to the continental waters, we know, owing to Cryosat-2, that 

these altimeters will also produces highly valuable measurements over the continental water bodies. 
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Hopefully, in the light of the aforementioned Cryosat-2 results, the SAR mode of the SENTINEl-3 

altimeters will be switched on over the continents. The first satellite of the SENTINEL-3 series, 

SENTINEL 3A should be launched in mid-2014. The second one should follow it 2 years later on 

an interleaved orbit. According to funds, these satellites should be followed by two other ones, 

respectively SENTINEL 3C and SENTINEL 3D to guarantee a 25 year duration of uninterrupted 

survey of the Earth Environment. Therefore uninterrupted series of water level at the crossings of 

their orbit with the river systems can be expected.  

 Similarly, the research class JASON-2 satellite, last satellite of the renowned NASA/CNES 

altimetric missions started in the 90’s with TOPEX/Poseidon, will be followed by an operational 

version, JASON/CS, to be launched in 2017. As it is an operational mission, JASON/CS will no 

more be operated by the French CNES and US NASA space agencies but by the operational 

European EUMETSAT and US NOAA agencies. Taking advantage of the aforementioned 

technology advance, JASON/CS will not work in LR mode as JASON-2 does today but in SAR 

mode. Hopefully, it will fly the same orbit as JASON-2 does, enabling the highly expected 

continuity in the 10 day series at the crossing of this orbit ground track with the river reaches over 

most large basins of the world. 

 Taking all these evolutions together, one can say that at the end of the decade, 3 operational 

missions working in SAR mode should be flying together with one research mission in the Ka band 

and possibly a last one in LRM Ku band, JASON-3. Not to mention, a laser mission, ICESat-2 

should also collect altimetric measurements over the rivers from 2016. With a 70 cm along-track 

resolution and expected 10 cm accuracy in the range determination, this mission will clearly 

provide additional high valuable measurements. The major limitation of this mission will be that it 

will fly a 91 day repeat orbit, with very little time sampling at a given place. However, as it has 

been shown by Bercher et al. (2012) with Cryosat which is flying a 369 day repeat orbit, such a 

sampling scheme can also be quite useful. First, the low time sampling is compensated by a high 

spatial sampling, ~10 km on the Madeira River for example. Yet, ICESat-1, which flew 7 years 

from 2003 to 2009, has been little used for studies in hydrology and most remains to be done to take 

the full advantage of the high quality measurements collected by the GLAS instrument born by 

ICESat.  

 At the very beginning of the 2020s, all the aforementioned missions will be over stridden by 

the SWOT mission. SWOT will be the first satellite mission actually dedicated to the measurement 

of river levels, among other goals. SWOT will embark KARIN, a wide swath Ka band 

interferometer. Owing to this instrument, SWOT will provide a full coverage of all the continental 

domain, but the polar most area of the Antarctic, since orbit inclination should be around 78°. Orbit 

repeat period is planned at 22 days. These characteristics mean that SWOT will sample the stage, 

slope and width of all the river reaches wider than 100m, twice every 22 days. The expected vertical 

accuracy should be at the centrimetric level at the km² scale of river surface. Intrinsically, this 

mission will clearly bring a complete revolution in the way the hydrology data are collected since it 

will be close to some continuous spatial monitoring, well far from the today very sparse gauge 

networks in most of the great basins of the world. But, it must be considered also as a companion of 

the aforementioned constellation of nadir satellites. With respect to this constellation, SWOT will 

bring temporal densification of their long living series since it will sample all the ground tracks at 

each cycle, it will be a powerful inter-calibration tool since it will make consistent measurements in 

the series of the various missions, and it will be a unique tool to tune the 

hydrological/hydrodynamical models between the locations of the gauges, when exist, and the nadir 

constellations crossings with the river network. 
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CONCLUSION 

 Satellite altimetry is now a mature technique over large rivers. Within the current decade, it 

will evolve towards a dramatic improvement in vertical accuracy and target resolution. In the early 

2020, with the launch of SWOT, we should have a swath altimeter insuring full coverage of the 

water bodies twice every 22-day cycle, besides the pre-existing constellation of 2 to 5 nadir pointing 

satellites. These changes in the spatial and temporal rates of data collection must be accompanied 

with changes in the way we think river monitoring if we want to fully take advantage of this new 

way of collecting height measurements over rivers. 
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