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Abstract

Monitoring continental water flows is required to meet human needs and to assess ongoing climate changes. However, regular
gauging networks fail to provide the information needed for spatial coverage and timely delivery. Although the missions did not
initially focus on hydrology, ten years of satellite altimetry have furnished complementary data that can be used for the creation
of such hydrological products as time series of stages, discharges, river altitude profiles or levelling of in-situ stations. However,
raw data still suffer uncertainties from one to several decimetres and require specific reprocessing of raw data, such as waveform
retracking or geophysical correction editing. To cite this article: S. Calmant, F. Seyler, C. R. Geoscience 338 (2006).
© 2006 Published by Elsevier Masson SAS on behalf of Académie des sciences.

Résumé

Eaux de surface en domaine continental par altimétrie spatiale. Le suivi des flux d’eaux douces est indispensable aux be-
soins humains et aux études sur les changements climatiques actuels. Or, les réseaux traditionnels ne fournissent pas 1’information
nécessaire, tant en couverture spatiale qu’en rapidité de diffusion. Bien que n’étant pas prévues initialement pour I’hydrologie, les
missions d’altimétrie satellitaire ont fourni une décennie de mesures qui peuvent étre utilisées pour dériver des produits hydrolo-
giques. Ces données souffrent encore d’incertitudes trés variables, de un a plusieurs décimetres, et un retraitement des données
brutes est indispensable pour obtenir des produits hydrologiques. Ces produits peuvent étre des séries temporelles de niveaux des
eaux, de débits, des profils d’altitude de riviere ou des nivellements de stations in situ. Pour citer cet article : S. Calmant, F. Seyler,
C. R. Geoscience 338 (2006).
© 2006 Published by Elsevier Masson SAS on behalf of Académie des sciences.
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1. Introduction sions, like CRYOSAT 2 or JASON-2, feature as a sec-
ondary objective to retrieve river stage and discharge or,

So far, not a single satellite mission has been devoted as in the WATER project, have been primarily designed

to continental water, although a number of future mis- for continental waters. Over the last decade, the ongoing

missions TOPEX/Poseidon (T/P hereafter), ERS 1 & 2,
* Corresponding author. Jason and ENVISAT have contributed to the monitor-
E-mail address: stephane.calmant@cnes.fr (S. Calmant). ing of continental water resources. The issues at stake

1631-0713/$ — see front matter © 2006 Published by Elsevier Masson SAS on behalf of Académie des sciences.
doi:10.1016/j.crte.2006.05.012


http://france.elsevier.com/direct/CRAS2A/
mailto:stephane.calmant@cnes.fr
http://dx.doi.org/10.1016/j.crte.2006.05.012

1114 S. Calmant, F. Seyler / C. R. Geoscience 338 (2006) 1113-1122

are particularly important and will be reviewed in the
first section of this paper. From the first report published
by NASA on radar altimetry in 1969, to the current
studies involving radar altimetry for river and wetland
storage and various flow studies, the relentless efforts
of the scientific community will also be reviewed in
Section 2. Technical issues will be summarized in Sec-
tion 3, dedicated to re-tracking processes, correction al-
gorithms, multi-mission temporal series building, error
and uncertainty estimation, and the geoid problem. The
data thus processed can be still very useful for the hy-
drology community, and the applications of interest are
discussed in the last section of this paper. This demon-
strates the wide range of applications of satellite altime-
try measurements today. This paper also presents the
major advantages and drawbacks of hydrometric data
used in hydrology today, either in situ or space borne.

2. The issues at stake

Freshwater supply in terms of quality as well as
quantity will be a major problem in future decades. The
world consumption of freshwater reached 54% in 1995
and is likely to equal the freshwater resource available
by 2025 in North Africa and South Asia, when Asia
will be using ten times more water than the rest of the
world [59]. One billion people lack sufficient water for
domestic consumption today, and it is estimated that
in 30 years, 5.5 billion people will be living in areas
with moderate to serious water shortages [45]. Water
resource on the continental surface is limited and, ad-
ditionally, its spatial and temporal distribution is inad-
equate. The volumes of water stored in the main reser-
voirs on Earth are as follows: 97.5% of the total amount
of water is salt water making up oceans and only 2.5%
is freshwater. Freshwater (68.7%) is mainly stored in
glaciers and polar icecaps. Water resources most eas-
ily available for human consumption and the ecosys-
tems are to be found in lakes and rivers, corresponding
to only 0.27% of the freshwater and almost 0.007%
of the total amount of water in the world [1]. Given
our basic need for freshwater, the most important hy-
drologic observations that can be made in a basin are
the temporal and spatial variations in water volumes in
rivers, lakes, and wetlands. Unfortunately, our knowl-
edge of the global dynamics of terrestrial surface waters
is still very poor [56]. However, studies of the integra-
tive, global nature of the hydrological cycle are essential
to our understanding of natural climate variability and to
predict climatic response to anthropogenic forcing [27].
Most international water management groups underline
the need for core hydrological data. Monitoring of the
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Fig. 1. Decreasing number of water stage observations in the world
from 1800 to 2000. It is worth noting that the dramatic decrease over
the last years is due in part to the late data distribution.

Fig. 1. Décroissance du nombre d’observations dans le monde entre
1800 et 2000. A noter que la chute brutale des dernieres années com-
prend le délai de plusieurs années intervenant dans la publication des
données.

continental water resource (temporal variability of river
stages and river discharges) is provided via hydrologic
networks. These networks are organized on a national
basis. The challenges common to most regions include
inadequate monitoring networks, gaps in records, a gen-
eral decline in the number of stations, chronic under-
funding, differences in processing and quality control,
and differences in data policies [57].

The decreasing number of stage records available
is shown in Fig. 1. The problem is twofold. The fall
in stage records after ~1980, reaching 0 for the 2000
period, is caused not only by a decreasing number of
hydrologic gauges, but also by access time that may
take several years in some cases. For example, WMO
first identified those National Hydrological Networks in
Africa that still maintain a hydrological data archive on
paper. Replies to a questionnaire sent to Hydrological
Advisers in 39 countries showed that 82 per cent use
paper for archiving their data [58]. Thus, major issues
in the poorer regions of the world include poor status
or outright lack of monitoring networks and support
infrastructure, and data quality. Spatial distribution of
hydrological gauges around the world, as well as mean
access time to data, is shown in Fig. 2, demonstrating
the inadequacy of the monitoring capacity distribution
in view of the distribution of the aforementioned fresh-
water needs.

River and wetland water stages are integrating the
basin response to climatic stress. The availability of
raw data is key here. Presently, these measurements
are much more reliable than the spatially averaged es-
timation of rain, evapotranspiration and infiltration. For
example, Roads et al. [S0] compared climate model out-
puts to ground-truth data over the continental United
States. Using predictions from various climate models,
they found that the runoff predictions are often in er-
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Fig. 2. World distribution of the water monitoring capacity. http://grdc.bafg.de/servlet/is/1660/.

Fig. 2. Répartition mondiale de disponibilité des données hydrologiques. http://grdc.bafg.de/servlet/is/1660/.

ror by 50%, and even mismatches with observations
as high as 100% were not uncommon. Also, Coe [16]
found similar results for many of the world’s large river
basins. Thus, these models are now becoming limited as
a result of the decline in observations of discharge and
water storage [3]. As rivers, lakes and wetlands form the
main freshwater resource, there is a need for a global,
homogeneous, perennial monitoring system delivering
fast-access data of continental water stages and, wher-
ever possible, water volumes and river discharges.

3. State of the art

In 1969, NASA established the long-term objectives
of the radar spatial altimetry, reporting the activities
of the Williamstown group over solid earth and ocean
physics [25]. In a report on SKYLAB altimeter results,
Brown [12] analyzed the backscattering and typical
waveforms of the Great Salt Lake of Utah. Miller [41]
showed applications for the water stages of continen-
tal lakes from measurements collected by the GEOS-3
radar altimeter. Pioneer studies have used the data col-
lected by Seasat in 1978 [11] and Geosat from 1986 to
1988 [43], demonstrating the feasibility of using data
from ocean-designed missions for land waters. Mason
et al. [36] conducted a prospective study of the ability

of ERS1 data to measure the water stage variations in
relation to climate changes.

On continental surfaces, radar altimetry left the
prospective domain with the first studies dedicated to
the Great Lakes in the United States, using SEASAT
data [11], Geosat [43], and then T/P [4,42]. The African
Great Lakes have also been the subject of various stud-
ies [5,7,15,38,39,46]. The first studies on great river
basins began with Koblinsky et al. [26], who searched
the specular GEOSAT waveforms to estimate the wa-
ter levels on four sites on the Amazon. They estimated
a 70-cm rms discrepancy between satellite and in-situ
measurements, partly attributed to uncertainties in the
in-situ record, but mostly to the uncertainty in the orbit
determination. Orbit determination errors are decreas-
ing with the new generations of satellite. From the
aforementioned 50-cm error estimated for GEOSAT by
Koblinsky et al. [26], the uncertainty in radial compo-
nent of satellite orbits is now estimated to 15 cm for
ERS-1 and 3 cm for T/P [34]. Now, data currently used
to establish the time series of water stages over the
world rivers originate from the T/P (10-day repeat pe-
riod, since 1992), Jason-1 (10-day repeat period since
2002) and ENVISAT (following the ERS series started
in 1991 with a 35-day repeat period) missions. Time
series of river stages may cover a decade [5,6,19,35].
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Satellite altimetry has also been used to determine the
height profiles of rivers. Cudlip et al. [18] used SEASAT
data to establish an Amazon water profile. They used
32 crossings of the river by the satellite tracks on an
18-day period in July 1978. These authors estimated the
water-level accuracy to be between 10 and 20 cm. More
recently, Birkett et al. [8] published time series of stage
fluctuations over the Amazon Basin using T/P measure-
ments between 1992 and 1999. It was concluded that
accuracy may range from tens of centimetres to sev-
eral metres (1.1 m of average rms). These authors found
that the water-surface gradient of the mainstem varies
both spatially and temporally, with values ranging from
1.5 cmkm™! downstream to 4.0 cmkm™~! for more up-
stream reaches. Overall, they demonstrated that altimet-
ric data from the T/P mission is successfully monitoring
the transient flood waves of this continental-scale river
basin. Recently, NASA has launched ICESat, a laser al-
timeter and data collected by the laser sensors (GLAS)
seem highly promising [13,52], although no definite re-
sults have been published yet.

At present, various databases enable the retrieval of
time series of water stage of the great basins of the
world. The first database results from the processing
of ERS and ENVISAT at the De Montfort University
for ESA. Two types of product are currently available:
the River Lake Hydrology product (RLH), designed for
hydrologists with no prior knowledge of radar altime-
try and organized in accordance with river/lake cross-
ing points, each product corresponding to one crossing
point; and the River Lake Altimetry (RLA) product,
for radar altimetry experts. It is structured around or-
bit or by 35-day cycle and provides all crossing points
for a predefined region [21]. The second database has
been created at LEGOS, Toulouse, France, partly within
the framework of the CASH project (Contribution of
Spatial Altimetry to Hydrology) funded by the French
Ministry of Research and Technology. It collects obser-
vations on rivers (~200 sites) and ~150 lakes in the
world, mainly from T/P [30].

4. Technical aspects

Land-water investigators make use of dataset primar-
ily intended and processed for other scientific purposes,
namely to measure heights of the ocean surface (T/P,
Jason, GFO, part of ERS 1 & 2 and ENVISAT) or ice
caps (ERS 1 & 2, ENVISAT, ICESat). Using these data
turns out to be difficult. Firstly, there is the width of the
beam. As far as ocean-oriented missions are concerned,
the beam is several kilometres wide, since surface aver-
age is needed over oceans to reduce as much as possi-
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Fig. 3. Samples of TOPEX waveforms over rivers in the Amazon
Basin. A: ‘Ocean-like’ waveform processed by the onboard tracker.
B: Multi-peak waveform rejected by the tracker. C: Specular wave-
form processed by the tracker. D: Specular waveform, similar to C,
rejected by the tracker.

Fig. 3. Exemples de formes d’onde Topex sur les rivieres du Bassin
amazonien. A : Forme d’onde de type océanique traitée par le tracker
de bord. B : Forme d’onde a plusieurs pics, rejetée par le tracker de
bord. C : Forme d’onde spéculaire traitée par le tracker. D : Forme
d’onde spéculaire, quasi identique a C, mais rejetée par le tracker.

ble height measurement corruption due to wind waves.
The drawback for hydrology studies is that echoes over
rivers whose width is less than 1 km — that is, most
of them — are noised by energy reverberated by river-
banks or islets. The second problem is the spread over
time of the energy received at the satellite antenna.
Over the rivers, the shape of the return waveform is
much more different than over the ocean (Fig. 3). Smith
[54] stated that the major difficulty in retrieving ranges
over continental waters results from the variability in
shape of the return waveforms when onboard track-
ers are designed for a typical ocean waveform. Regular
‘ocean-type’ trackers expect long tail shapes of energy
distribution (view A in Fig. 3) when echoes bouncing
off rivers are often specular [24] or a combination of
specular echoes (view B in Fig. 3). Thus, in the best
case, energy is received, but the range estimate is er-
roneous or not estimated (views C and D in Fig. 3);
in the worst case, the altimeter loses tracking and sub-
sequent echoes are lost. The antenna-reflector range is
determined by fitting the waveform with a predefined
analytical function (so-called waveform ‘tracking’). If
the analytical function is not well suited to the wave-
form shape, tracking leads to wrong estimates of the
height value (or even no estimate at all). It is worth
noting that the radar altimetry data collected by the on-
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going ENVISAT mission are nominally retracked with
four algorithms [10,23]. In turn, retracking the radar
waveforms collected by the ERS 1 & 2, T/P, Jason, and
GFO missions requires that some retracking procedures
be conducted. These cumbersome tasks are being car-
ried out, particularly with De Montfort University in
England, LEGOS in France, OSU in the USA, among
others. The third issue is mispointing. Indeed, when the
area at the nadir of the antenna is not reflecting much
radar energy, the energy bounced by a water surface
at the edge of the footprint can dominate the echo re-
turned, although damped by the antenna pattern. The
tracking procedure will then determine the range by
fitting this slant return of energy. Because the range es-
timate assumes that the target is at the satellite nadir,
this leads to an overestimated range, which is an under-
estimate of the height of the reflecting water surface.
This is not uncommon in continental waters and has to
be carefully taken into account, because these measure-
ments can be erroneously attributed to some hypothetic
wetland in the vicinity of the main reach of the river
sampled. An example is given in [23]. The third geo-
metrical effect impacting accuracy is the slope effect.
Indeed, within a radar footprint a few kilometres wide,
the river height can change significantly. This changes
the waveform shape and affects range determination.
Also, in braided reaches, branches may have different
heights, which will spread the return time of energy and
contribute to an erroneous range determination.

Lastly, the air density, the amount of water vapour
and the content of free electrons in the ionosphere mod-
ify the travel time of radar waves throughout the at-
mosphere. The electronic contents in the ionosphere and
air pressure are given by independent datasets. How-
ever, the amount of water vapour is estimated using mi-
crowave radiometers embarked onboard together with
the radar altimeters. The current microwaves radiome-
ters fail to estimate the atmospheric content of water
vapour over continents because the signature of the at-
mospheric water vapour is mixed with that of ground
wetness. Thus, this effect, ranging from a few centime-
tres to tens of centimetres, cannot be accurately cor-
rected for over land waters and corrections can only
be estimated from large-scale global datasets such as
ECMWE

The time step of the altimetric series is given by
the orbit repeat period. For the current radar altimet-
ric missions, this period ranges from 10 days for T/P
and Jason to 35 days for ERS-2 and ENVISAT. GFO
has an intermediate repeat period of 17 days. In terms
of sampling rate, this is much lower than the time step
of in-situ measurements usually collected once or twice
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Fig. 4. Multi-mission (ERS-1 & 2 and T/P) series of water stage over
the Rio Negro: combining datasets from different satellite missions
enables us to diminish the average time step in the series.

Fig. 4. Série temporelle composite ERS-1 & 2 et T/P de niveau d’eau
sur le rio Negro : la combinaison de jeux de données issues de diffé-
rentes missions satellitaires permet de réduire le pas d’échantillonnage
temporel moyen dans la série.

a day. Although no studies has been conducted to eval-
uate the amount of information lost due to this under-
sampling, clearly some applications of water level mon-
itoring must be discarded when dealing with the altimet-
ric time series of the water level. To improve this time
step, multi-mission series can be constructed in some
‘fortunate’ places where satellite tracks intersect with a
river reach, thus creating a joint ‘virtual station’. An ex-
ample of such series is given in Fig. 4. These combined
series raises the issue of the type of errors in data series.
Indeed, Calmant and Seyler [13] have shown that the er-
ror budget of each mission includes biases that must be
accounted for prior to combining the data from different
missions. Several studies have dealt with the estimation
of the error budget in the altimetric series of continen-
tal water stages. In particular, Birkett et al. [8] compared
the altimetric series with in situ series. Discrepancies up
to several metres have thus been reported. However, it
should be pointed out that these comparisons suffer se-
vere limitations. On the one hand, the satellite track usu-
ally fails to cross the river right over a gauging station.
Comparing both series means that the water stage varies
identically in both places, but this is often not true. In-
deed, water stage variations along a reach are affected
by changes in reach width. Also, flow routing should be
performed to account for the delay from one place to the
other when the distance between both locations is sig-
nificant with respect to flow velocity and sampling rate.
Typically, the delay is one day — e.g., the sampling rate
of gauging stations — for a flow to cover 85 km with a
1 ms™! velocity. Given that water stages tend to vary
by several centimetres or decimetres within a day, the
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error induced when the delay is not taken into account
can contribute significantly to the discrepancy between
both series. On the other hand, when the gauge is not
levelled, scatter between altimetric and in-situ series is
computed with reduced — zero mean — series, and the
resulting estimate of the discrepancy does not take into
account possible biases, such as the tracker-dependent
bias as long as these are not tabulated. Alternatively, the
accuracy of altimetric measurements can be assessed by
means of a comparison with GPS ground truth height
measurements right under the satellite track. Although
this technique is widely used to assess the accuracy of
altimetric data over oceanic surfaces ([10], in particu-
lar), this kind of fieldwork has seldom been conducted
over rivers and results published, as in Frappart et al.
[23], are too limited to allow definite conclusions to be
drawn as to the determination of the error budget in
altimetric series using this approach. Although intrin-
sic system errors of radar measurements are the same
over land waters and oceans, e.g., centimetre accuracy,
the overall uncertainty of altimetric measurements over
continental waters is now in the order of a couple of
decimetres [8,13,14,23].

Many hydrology laws used to model flow routing in-
clude the river slope with respect to the geoid to account
for the actual gravity contribution to the flow velocity.
The quality of geoid determination may vary greatly
from one place to another. In some countries, such as in
Europe or Northern America, the geoid undulations at
the kilometre scale have been determined, but in most
other countries, including those with the largest river
run, gravity measurements are sparse and only global
scale geoid solutions can be used. These global mod-
els such as EGM96 [31], GCMO1C or GGMO02C [55],
for the most recent ones, merge in-situ gravity measure-
ments and space borne ones. Space borne determina-
tions of the geoid were mostly derived from orbit per-
turbations. The launch of the GRACE satellite mission
in 2002 [55], primarily dedicated to the measurement of
the geoid and of its temporal variations, led to a much
greater accuracy for the determination of geoid wave-
lengths up to ~200 km. Shorter wavelengths are only
determined by local measurements, and thus, remain al-
most undetermined over the largest basins. As a result,
river slopes with respect to the geoid are only known at
a large scale and flow routing at a small scale designed
to evaluate river discharges in these basins is still ten-
tative. This problem is illustrated in Fig. 5, where the
ICEsat ellipsoidal height measurements [60] over the
Tapajos River are converted to altitude with respect to
the GGMO1C and GGMO02C solutions of global geoid.
GGMO1C is a purely GRACE solution when GGM02C

is a combination of long-wavelength geoid from the
GRACE mission and short-wavelength geoid from the
EGMO6 solution. Clearly, the river slope differs signif-
icantly in both instances, with dramatic consequences
for the hydrologic regime, since the minimum altitude
is not at the river mouth for the profile estimated with
respect to GGMO2C. It is worth noting that the solution
with respect to GGMO2C best explains the peculiar hy-
drology of this part of the river (J.-L. Guyot, personal
communication).

5. Applications

A range of applications derived from the altimetric
measurements of continental water level has been per-
formed or is currently underway. A brief review of these
applications is given hereafter.

5.1. Levelling of hydrological network gauge stations

A number of great river basins are located in remote
geographical areas. These basins include hydrological
gauges, where topographic levelling has not been car-
ried out or, in some cases, levelling uncertainty is too
high due to the difficulties in conducting the conven-
tional processes of terrestrial — spirit — levelling. By
way of example, for the Amazon Basin, most hydro-
logical gauges from the ANA network (Brazilian Na-
tional Agency for Water) are located outside the topo-
graphic levelling routes of IBGE (Brazilian Institute for
Geography and Statistics). Additionally, gauge stations
within the hydrographical basin of the Amazon but in
the neighbouring countries of Brazil are all unlevelled,
apart from Iquitos station in Peru, which has an alti-
tude measurement for the hydrological 0-gauge. This is
a major drawback for hydrodynamic modelling of the
basin, since this kind of models requires that the hydro-
graphical parameters of the river, such as bed slope, be
entered into the model by means of a common altitu-
dinal reference. Kosuth and Cazenave [28] conducted
a preliminary study of gauge levelling from T/P time
series of water stage in the Amazon Basin. Cauhopé
[14] levelled gauges in the Curuai Varzea and the adja-
cent Amazon reach using ENVISAT time series. From
the Tapajos River, Calmant and Seyler [13] showed that
ICESat measurements are particularly well-suited for
this gauge levelling. In particular, altimetric measure-
ments are an efficient tool for gauge levelling. However,
levelling of the worldwide gauge networks has still to
be conducted.
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Fig. 5. Altitudes of surface water along the Tapajos River. Height measurements collected by the ICESat satellite are referred to two GRACE
solutions: GGMO1C and GGMO2C. The slope is very different according to the geoid model, with strong implications in flow modelling.

Fig. 5. Altitudes de la surface de I’eau le long du rio Tapajos. Les mesures de hauteur ellipsoidales collectées par le satellite ICESat sont rapportées
a deux solutions de géoide issues de la mission GRACE : GGMO01C et GGMO02C. La pente de la ligne d’eau est tres différente selon le modele de

géoide, avec des implications importantes sur la modélisation du flux.

5.2. Estimation of discharge from stage altimetric
measurements

Several works have examined the ability of spa-
tial data to retrieve river discharge. Recently, Bjerklie
[9] estimated in-bank river discharge on the basis of
the hydraulic relationships constrained with remotely-
sensed width information and channel slope obtained
from topographic maps. Coe and Birkett [17] estimated
the mean monthly river discharge of the Chari River at
N’Djamena, Chad. They used T/P surface water stages
upstream from the gauging station calibrated with the
ground-based gauge height and discharge data using
simple empirical regression techniques. Kouraev et al.
[29] estimated discharge for the Ob River (Siberia)
along two T/P tracks crosscutting the river in the vicin-
ity of the Salekhard gauging station. T/P measurements
were found to provide reliable water level (H) time se-
ries that can then be used to estimate water discharge
(Q) from the rating curve between H and Q at Salekhard,
located 65—70 km away from the T/P tracks. These stud-
ies suggest that remotely-sensed river hydraulic data
could be used to directly estimate discharge at a spe-
cific location, if ground-based discharge measurements
are used to develop discharge ratings in conjunction
with the remotely observed variable(s). As pointed out
by Bjerklie et al. [9], discharge ratings developed from
ground-based flow measurements and remotely sensed
hydraulic information are site specific. Leon et al. [32]

developed a model based on diffusion—cum—dynamic
wave propagation assumption, using in-situ discharges
and radar altimetry data to estimate rating curves at the
satellite track crossings in the Negro River Basin, Ama-
zon. The calibration phase led to differences of less than
4% between measured and estimated outflows and vali-
dation has yielded less than 10% errors.

By estimating discharges from altimetric water stages
and in-situ discharge, denser stage-discharge observa-
tions within a basin can be obtained. For example, out of
the 571 gauges listed by ANA, 46 are located in the Ne-
gro River sub-basin and 25 have complete records cov-
ering the last 20 years. Along the T/P tracks, water level
time series were built for 88 T/P crossings with river and
floodplains [22]. Based on altimetric heights, 3.5 times
more measurement points are available in the Negro
River Basin. These points are evenly distributed within
the basin, allowing for a regionalization of water fluxes.

Denser stage and discharge estimations entail many
implications. For example, it is essential for water man-
agement, extreme flow prediction, and hydrological
modelling. Rain gauges within remote watersheds are
often poorly distributed, although the spatially averaged
estimation of rain is an important parameter of Global
Climate Models. As previously pointed out, a better dis-
tribution of the integrated response of the basin to the
incoming rain allows a better validation of these models.
Better-distributed fluxes could also be used to constrain
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models of weathering processes and carbon flux estima-
tions.

5.3. Estimation of the spatial and temporal variations
of water storage: rivers and wetlands

As pointed out by Alsdorf et al. [3], “for the past 100
years, our understanding of the hydraulic characteristics
and hydrologic mass-balances of surface water runoff
have largely been derived from discharge measurements
at inchannel gauging stations. Measurement of inchan-
nel discharge unfortunately does not provide with the
information necessary for understanding flow and stor-
age in off-river-channel environments, such as wetlands,
floodplains, and anabranches (e.g., braided channels);
these environments are increasingly recognized for their
important roles in biogeochemical cycling of water-
borne constituents”. Using radar interferometry, Alsdorf
et al. [2] estimated water height changes in an Ama-
zon lake to be about 12 4= 2.4 cm, and a volume change
of 280 x 10® m> during the 44 days between the two
JERS images used. These authors reviewed a T/P cross-
ing of the lake and estimated the change in water stage
to be of 20 & 10 cm. The T/P nadir measurements
might appear less accurate than interferometry, but so
far, only these measurements offer 10-day periodic es-
timates over more than a decade. In an extensive study
of T/P measurements over the Amazon Basin, Birkett et
al. [8] have successfully distinguished river from flood-
plain in a number of cases. A small phase offset of a
few days in stage variations between river and nearby
floodplain had occasionally been observed. Frappart et
al. [22] determined spatio-temporal variations of water
volume over the main stream and floodplain located 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, combined with in-situ hydrographical sta-
tions. A volume variation of 331 km> was estimated
for the whole Negro sub-basin, enhancing the complex
relationship between the volume potentially stored, the
inundated area and the volume flow during the same pe-
riod. Ramillien et al. [47,49] devised a robust inverse
method for unravelling the hydrological contributions
of the main water mass reservoirs to the time-variations
of the gravity field from the monthly geoids made avail-
able by the CSR (University of Texas, Austin, USA) and
GFZ (Potsdam, Germany). Clearly, both approaches are
complementary and the method developed by Frappart
et al. [22] to estimate seasonal variations of surface free-
water volume could be combined with the time-series of
continental water storage variations between April 2002

and June 2004 presented by Ramillien et al. [48] to an-
alyze seasonal water mass transfers at a regional scale.

5.4. Water profiles and geodynamical implications

River free-surface slope is an important parameter
in floodwave propagation models and sediment trans-
port. For example, slope values of a few centimetres per
kilometre were evaluated for the Amazon mainstem us-
ing barometric estimates of elevation performed at some
gauging stations [37,44,51,53]. Guskowska et al. [24]
and Cudlip et al. [18] used 15 out of the 32 crossings
of the Amazon River by the SEASAT altimeter to pro-
vide an estimate of the elevation profile of the Amazon,
whereas Mertes et al. [40] and Dunne et al. [20] used
the SEASAT falling stage measurements to calculate 14
gradient values for the Amazon mainstem. Birkett et al.
[8] have used T/P measurements along the mainstem of
the Amazon to estimate the spatial and temporal vari-
ation of the gradient values. The slope of the riverbed
is an important parameter for modelling river hydro-
dynamics. Recently, Leon et al. [33] have proposed a
methodology based on the georeference of altimetric
data to derive along stream profiles of riverbed height
and slope. The height of the river bed at so-called vir-
tual stations is determined as that height at which dis-
charge vanishes in rating curves established by combin-
ing times series of water height by satellite altimetry
with discharges predicted by routing the flow recorded
at remote in-situ gauges.

6. Conclusion

The major drawback in the use of altimetric height
for water stage monitoring is the temporal sampling
rate. Clearly, the 10-day period of T/P and Jason and
the 35-day period for ENVISAT cannot compete with
observations made daily or twice a day in most of the
in-situ gauges around the world. In some applications
like flood events, the models require even more frequent
data, of the order of the minute. Another limitation is
measurement uncertainty, which has been seen to vary
from a few centimetres to the metre in the worse cases.
With respect to radar altimetry, accuracy can, to a cer-
tain extent, be improved by adapting the processing of
echo waveforms to the continental case. This uncer-
tainty is due to the ground point target size, ranging
from kilometres for T/P to a few hundred meters for
ENVISAT and 70 m for ICESat, with a decreasing un-
certainty, as the combination of water and vegetation or
the merging of different water bodies in a single foot-
print becomes less likely. When it comes to identifying
and separating peaks of energy reflected by small wa-
ter bodies, the sensor and echo processing capability
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becomes a major issue. A resolution of approximately
100 m can be expected in future missions.

However, altimetric data offer many advantages.
Among them is the ability of tracking either inchannel
fluxes or flow and storage in off-river-channel environ-
ments, such as wetlands, floodplains, and anabranches.
These are critical for surface water balance. The de-
velopment of methods to estimate the river discharge
using remotely-sensed data would provide the means to
increase the streamflow measurement network globally.
Typically, in-situ data collection and management activ-
ities are undertaken at the national level, where there is
a need for regionally-coordinated systems and actions.
Worldwide coverage and near-real time availability of
measurement is definitely another major benefit of satel-
lite altimetry with respect to in-situ measurements.

The prospects offered by future missions like
CRYOSAT, carrying a SAR interferometric altimeter
onboard, Altika, carrying a narrow footprint beam in Ka
band or the WATER project, submitted to the European
Space Agency (ESA) and especially dedicated to the
monitoring of continental waters (WatER Homepage:
www.geology.ohio-state.edu/water), will definitely en-
hance the ability of spatial data to be included in models
and change the management and monitoring of water
resources. Clearly, satellite altimetry is not likely to
replace in-situ measurements in the near future, but a
combination of both systems will certainly enhance our
ability to monitor the cycle of surface water from the
regional scale to the world at large.

Acknowledgements

The authors are grateful to P. Bates for reviewing the
manuscript.

References

[1] Agéncia Nacional das Aguas, Brazil, http://hidroweb.ana.gov.br/
doc/WRMB/partl.htm.

[2] D.E. Alsdorf, C.M. Birkett, T. Dunne, J. Melack, L. Hess, Water-
level changes in a large Amazon lake measured with spaceborne
radar interferometry and altimetry, Geophys. Res. Lett. 28 (14)
(2001) 2671-2674.

[3] D. Alsdorf, D. Lettenmaier, C. Vorosmarty, et al., The need for
global, satellite-based observations of terrestrial surface waters,
EOS Trans. AGU 84 (29) (2003) 269-276.

[4] CM. Birkett, The contribution of Topex/Poseidon to the
global monitoring of climatically sensitive lakes, J. Geophys.
Res. 100 (C12) (1995) 25179-25204.

[5] C.M. Birkett, The global remote sensing of lakes, wetlands and
rivers for hydrological and climate research, IEEE Trans. (1995)
1979-1981.

[6] C.M. Birkett, Contribution of the Topex NASA radar altimeter to
the global monitoring of large rivers and wetlands, Water Resour.
Res. 34 (5) (1998) 1223-1239.

[7] C.M. Birkett, R. Murtugudde, T. Allan, Indian Ocean climate
event brings floods to East Africa’s lakes and the Sudd Marsh,
Geophys. Res. Lett. 26 (1999) 1031-1034.

[8] C.M. Birkett, L.A.K. Mertes, T. Dunne, M. Costa, J. Jasinski,
Altimetric remote sensing of the Amazon: Application of satel-
lite radar altimetry, J. Geophys. Res. 107 (D20) (2002) 8059,
doi:10.1029/2001JD000609.

[9] D.M. Bjerklie, D. Moller, L.C. Smith, S.L. Dingman, Estimating
discharge in rivers using remotely sensed hydraulic information,
J. Hydrol. 309 (2005) 191-209.

[10] P. Bonnefond, P. Exertier, O. Laurain, Y. Menard, A. Orsoni,
G. Jan, E. Jansou, Absolute calibration of Jason-1 and TOPEX/
Poseidon altimeters in Corsica, Mar. Geodesy 26 (2003) 261—
284.

[11] R.L. Brooks, Lake elevation from satellite radar altimetry from a
validation area in Canada, Report, Geosci. Res. Corp., Salibury,
Maryland, USA, 1982.

[12] G.S. Brown, Skylab S-193 radar experiment analysis and results,
NASA report NASA CR-2763, February 1977.

[13] S. Calmant, F. Seyler, Tapajos hydraulic slope at the confluence
with the Amazon from combined satellite altimetric data, EGU,
Nice, France, April 2004.

[14] M. Cauhopé, Hauteurs d’eau d’une plaine d’inondation amazoni-
enne par altimétrie spatiale, rapport de stage de DEA ‘Sciences
de la Terre et I’Environnement’, 2004 (30 p., in French).

[15] A. Cazenave, P. Bonnefond, K. DoMinh, Caspian Sea level from
TOPEX/Poseidon altimetry: Level now falling, Geophys. Res.
Lett. 24 (1997) 881-884.

[16] M.T. Coe, Modeling terrestrial hydrological systems at the con-
tinental scale: Testing the accuracy of an atmospheric GCM,
J. Climatol. 13 (2000) 686-704.

[17] M.T. Coe, C.M. Birkett, Calculation of river discharge and pre-
diction of lake height from satellite radar altimetry: Example for
the Lake Chad basin, Water Resour. Res. 40 (2004) W10205,
doi:10.1029/2003WR002543.

[18] W. Cudlip, J.K. Ridley, C.G. Rapley, The use of satellite radar al-
timetry for monitoring wetlands, in: Remote Sensing and Global
Change, Proc. 16th Annu. Conf. Remote Sensing Society, Lon-
don, 1992, pp. 207-216.

[19] L. De Oliveira Campos, F. Mercier, C. Maheu, G. Cochonneau,
P. Kosuth, D. Blitzkow, A. Cazenave, Temporal variations of
river basin waters from Topex/Poseidon satellite altimetry. Ap-
plication to the Amazon Basin, C. R. Acad. Sci. Paris, Ser.
IIa 333 (2001) 633-643.

[20] T. Dunne, L.A.K. Mertes, R.H. Meade, J.E. Richey, B.R. Fors-
berg, Exchanges of sediment between the floodplain and channel
of the Amazon river in Brazil, Geol. Soc. Am. Bull. 110 (4)
(1998) 450-467.

[21] European Space Agency, http://earth.esa.int/riverandlake/
description.htm.

[22] F. Frappart, J.M. Martinez, F. Seyler, J.G. Leon, A. Cazenave,
Determination of the water volume variation in the Negro River
sub-basin by combination of remote sensing and in-situ data, Re-
mote Sens. Environ. 99 (2005) 387-399.

[23] F. Frappart, S. Calmant, M. Cauhopé, F. Seyler, A. Cazenave,
Results of ENVISAT RA-2 derived levels, Validation over the
Amazon Basin, Remote Sens. Environ. 100 (2006) 252-264.

[24] M.AJ. Guzkowska, C.G. Rapley, J.K. Rideley, W. Cudlip, C.M.
Birkett, R.E. Scott, Developments in inland water and land al-
timetry, ESA contract report 78391881FIFL, 1990.

[25] W.M. Kaula, The terrestrial environment: Solid earth and ocean
physics, NASA report Study at Williamstown, Mass., NASA
CR-1579, August 1969.


http://www.geology.ohio-state.edu/water
http://hidroweb.ana.gov.br/doc/WRMB/part1.htm
http://hidroweb.ana.gov.br/doc/WRMB/part1.htm
http://dx.doi.org/10.1029/2001JD000609
http://dx.doi.org/10.1029/2003WR002543
http://earth.esa.int/riverandlake/description.htm
http://earth.esa.int/riverandlake/description.htm

1122 S. Calmant, F. Seyler / C. R. Geoscience 338 (2006) 1113-1122

[26] C.J. Koblinsky, R.T. Clarke, A.C. Brenner, H. Frey, Measure-
ments of river level variations with satellite altimetry, Water Re-
sour. Res. 29 (6) (1993) 1839-1848.

[27] R.D. Koster, PR. Houser, E.-T. Engman, W.P. Kustas, Re-
mote Sensing May Provide Unprecedented Hydrological Data,
http://www.agu.org/eos_elec, American Geophysical Union,
1999.

[28] P. Kosuth, A. Cazenave, Développement de 1’altimétrie satel-
litaire radar pour le suivi hydrologique des plans d’eau conti-
nentaux : Application au réseau hydrographique de 1’ Amazone,
rapport, projet PNTS 00/0031/INSU, rapport d’activités 2000—
2001, 2002 (39 p., in French).

[29] A. Kouraev, E. Zakharova, O. Samain, N. Mognard, A. Caze-
nave, ‘Ob’ River discharge from TOPEX/Poseidon satellite al-
timetry (1992-2002), Remote Sens. Environ. 93 (2004) 238—
245.

[30] Laboratoire d’études en oceanographie et geodésie spatiale, uni-
versité Paul-Sabatier, Toulouse, France, http://www.legos.obs-
mip.fr/soa/hydrologie/hydroweb/.

[31] EG. Lemoine, S.C. Kenyon, J.K. Factor, R.G. Trimmer, N.K.
Pavlis, D.S. Chinn, C.M. Cox, S.M. Klosko, S.B. Luthcke, M.H.
Torrence, Y.M. Wang, R.G. Williamson, E.C. Pavlis, R.H. Rapp,
T.R. Olson, The Development of the Joint NASA GSFC and
NIMA Geopotential Model EGM96 (1998), NASA Goddard
Space Flight Center, Greenbelt, Maryland, USA, July 1998.

[32] J.G. Leon, M.-P. Bonnet, F. Seyler, S. Calmant, M. Cauhopé,
Distributed water flow estimates of the Upper Negro River by a
Muskingum—Cunge routing model using altimetric spatial data,
J. Hydrol. (submitted for publication).

[33] J.G. Leon, S. Calmant, F. Seyler, M.-P. Bonnet, M. Cauhopé,
F. Frappart, N. Filizola, Rating curves and estimation of aver-
age water depth at the upper Rio Negro River based on satellite
altimeter data and modeled discharges, J. Hydrol. (in press).

[34] P.-Y. Le Traon, P. Gaspar, F. Bouyssel, H. Makhmara, Using
TOPEX/Poseidon data to enhance ERS1 data, Am. Meteorol.
Soc. (1995) 161-170.

[35] C. Maheu, A. Cazenave, C.R. Mechoso, Water-level fluctuations
in the Plata Basin (South America) from TOPEX/Poseidon Satel-
lite Altimetry, Geophys. Res. Lett. 30 (3) (2003) 1143-1146.

[36] .M. Mason, C.G. Rapley, F.A. Street-Perrott, M. Guzkowska,
ERS-1 observations of lakes for climate research, in: Proc.
EARSeL/ESA Symposium ‘European Remote Sensing Oppor-
tunities’, Strasbourg, France, 31 March-3 April 1985.

[37] R.H. Meade, J.M. Rayol, S.C. da Conceicido, J.R.G. Natividade,
Backwater effects in the Amazon River Basin of Brazil, Environ.
Geol. Water Sci. 18 (2) (1991) 105-114.

[38] E. Mercier, Altimétrie spatiale sur les eaux continentales : Apport
des missions TOPEX/Poseidon et ERS1&2 a 1’étude des lacs,
mers intérieures et bassins fluviaux, thése, université Toulouse-
3—Paul-Sabatier, 2001 (190 p.).

[39] F. Mercier, A. Cazenave, C. Maheu, Interannual lake level fluc-
tuations (1993-1999) in Africa from TOPEX/Poseidon: Connec-
tions with ocean—atmosphere interactions over the Indian ocean,
Global Planet. Changes 32 (2002) 141-163.

[40] L.A.K. Mertes, T. Dunne, L.A. Martinelli, Channel-floodplain
geomorphology along the Solimdes—Amazon River, Brazil, GSA
Bull. 108 (9) (1996) 1089-1107.

[41] L.S. Miller, Topographic and backscatter characteristics of
GEOS 3 overland data, J. Geophys. Res. 84 (B8) (1979) 4045—
4054.

[42] C.S. Morris, S.K. Gill, Evaluation of the TOPEX/Poseidon al-
timeter system over the great Lakes, J. Geophys. Res. 99 (C12)
(1994) 24527-24539.

[43] C.S. Morris, S.K. Gill, Variation of Great Lakes waters from
Geosat altimetry, Water Resour. Res. 30 (1994) 1009-1017.

[44] C.FE. Nordin Jr., R.H. Meade, The Amazon and the Orinoco, in:
McGraw-Hill Yearbook of Science and Technology, McGraw-
Hill, New York, 1986, pp. 385-390.

[45] Population Reference Bureau, http://www.prb.org/Content/
NavigationMenu/Other_reports/1997-1999/
WorldPopMoreThanNos_Eng.pdf, 1997.

[46] F. Ponchaut, A. Cazenave, Continental lake level variations from
TOPEX/Poseidon (1993-1996), C. R. Acad. Sci. Paris, Ser.
1Ia 326 (1998) 13-20.

[47] G. Ramillien, A. Cazenave, O. Brunau, Global time variations
of hydrological signals from GRACE satellite gravimetry, Geo-
phys. J. Int. 158 (2004) 813-826.

[48] G. Ramillien, F. Frappart, A. Cazenave, A. Giintner, Time vari-
ations of the land water storage from an inversion of 2 years of
GRACE geoids, Earth Planet. Sci. Lett. 235 (2005) 283-301.

[49] G. Ramillien, F. Frappart, A. Giintner, T. Ngo-Duc, A. Caze-
nave, Mapping time-variations of evapotranspiration rate from
GRACE satellite gravimetry, Water Ressour. Res. (submitted for
publication).

[50] J. Roads, R. Lawford, E. Bainto, E. Berbery, S. Chen, B. Fekete,
K. Gallo, A. Grundstein, W. Higgins, M. Kanamitsu, W. Krajew-
ski, V. Lakshmi, D. Leathers, D. Lettenmaier, L. Luo, E. Maurer,
T. Meyers, D. Miller, K. Mirchell, T. Mote, R. Pinker, T. Reich-
ler, D. Robinson, A. Robock, J. Smith, G. Srinivasan, K. Verdin,
K. Vinnikov, T. Vonder Haar, C. Vorosmarty, S. Williams,
E. Yarosh, GCIP water and energy budget synthesis (WEBS),
J. Geophys. Res. 108 (D16) (2003).

[51] E. Salati, J. Marques, Climatology of the Amazon region, in:
H. Sioli (Ed.), The Amazon, Limnology and Landscape Ecol-
ogy of a Mighty Tropical River and Its Basin, in: Monogr. Biol.,
vol. 56, Dr. W. Junk, Kluwer Acad., Norwell, MA, USA, 1984,
pp. 85-126.

[52] F. Seyler, S. Calmant, M.-P. Bonnet, M.A. de Oliveira, Curvature
of the hydraulic slope at the Negro—Solimoes confluence from
satellite altimetry and hydrodynamics: Relationship with the dis-
tribution of erosion/sedimentation areas, EGU, Nice, April 2004.

[53] H. Sioli, The Amazon and its main affluents, in: H. Sioli (Ed.),
The Amazon, Limnology and Landscape Ecology of a Mighty
Tropical River and Its Basin, in: Monogr. Biol., vol. 56, Dr. W.
Junk, Kluwer Acad., Norwell, MA, USA, 1984, pp. 127-165.

[54] L.C. Smith, Satellite remote sensing of river inundation area,
stage, and discharge: A review, Hydrol. Proc. 11 (1997) 1427-
1439.

[55] B.D. Tapley, S. Bettadpur, M. Watkins, C. Reigber, The grav-
ity recovery and climate experiment: mission overview and
early results, Geophys. Res. Lett. 31 (2004), doi:10.1029/
2004GL019920.

[56] Water Elevation Recovery mission, http://www.geology.ohio-
state.edu/water/.

[57] K.D. Harvey, W. Grabs (Eds.), WMO Report of the GCOS/
GTOS/HWRP Expert Meeting on Hydrological Data for Global
Studies, Toronto, Canada, 18—-20 November 2002 Report GCOS
84, Report GTOS 32,WMO/TD - No. 1156, 2003.

[58] WMO (World Climate Organization), World Climate News (25)
(2004).

[59] World Resources Institute, http://www.wri.org/wri/wr2000.

[60] H.J. Zwally, R. Schutz, C. Bentley, J. Bufton, T. Herring, J. Min-
ster, J. Spinhirne, R. Thomas, GLAS/ICESat L2 Global Land
Altimetry, V18, 154 Oct to 18 Nov 2003, Boulder, CO, NSIDC,
2005.


http://www.agu.org/eos_elec
http://www.legos.obs-mip.fr/soa/hydrologie/hydroweb/
http://www.prb.org/Content/NavigationMenu/Other_reports/1997-1999/WorldPopMoreThanNos_Eng.pdf
http://www.prb.org/Content/NavigationMenu/Other_reports/1997-1999/WorldPopMoreThanNos_Eng.pdf
http://www.prb.org/Content/NavigationMenu/Other_reports/1997-1999/WorldPopMoreThanNos_Eng.pdf
http://dx.doi.org/10.1029/2004GL019920
http://www.geology.ohio-state.edu/water/
http://www.wri.org/wri/wr2000
http://www.legos.obs-mip.fr/soa/hydrologie/hydroweb/
http://dx.doi.org/10.1029/2004GL019920
http://www.geology.ohio-state.edu/water/

	Continental surface waters from satellite altimetry
	Introduction
	The issues at stake
	State of the art
	Technical aspects
	Applications
	Levelling of hydrological network gauge stations
	Estimation of discharge from stage altimetric measurements
	Estimation of the spatial and temporal variations of water storage: rivers and wetlands
	Water profiles and geodynamical implications

	Conclusion
	Acknowledgements
	References


