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This study sets out to analyze the stages of water bodies in the Amazon basin derived from the processing of
ERS-2 and ENVISAT satellite altimetry data. For ENVISAT, GDR measurements for both Ice-1 and Ice-2
tracking algorithms were tested. For ERS-2, the Ice-2 data produced by the OSCAR project was used. Water
level time series over river segments of very different width, from several kilometers to less than a hundred
of meters, were studied. The water level time series that can be derived from narrow riverbeds are enhanced
by off-nadir detections. Conversely, the off-nadir effect may degrade the series over large bodies if not
properly accounted for. Comparison at crossovers and with in situ gauges shows that the quality of the series
can be highly variable, from 12 cm in the best cases and 40 cm in most cases to several meters in the worse
cases. Cautious data selection is clearly a key point to achieve high quality series. Indeed, low quality series
mostly result from inclusion of outliers in the data set finally retained for the computation of the series. Ice-2
and Ice-1 tracking algorithms in the ENVISAT data perform almost equally well. ENVISAT altimetry is clearly
an improvement on ERS-2 altimetry.
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1. Introduction

Since the launch of satellites embarking radar altimeters in the late
1970s, altimetrists have investigated the possibility of using these
data over continental waters (see review by Alsdorf et al., 2007;
Calmant et al., 2008; Calmant & Seyler, 2006 and references herein).
Great successes were obtained over large water bodies such as lakes
and inner seas (see review by Cretaux & Birkett, 2006, and references
herein) but the results are more controversial for rivers. Launched in
1992 and widely used for continental waters, Topex/Poseidon (T/P)
ceased working in late 2005. In December 2001, JASON-1 followed T/P
on its orbit and T/P was placed on an interleaved orbit. However the
antenna reception loop is not able to follow rapid elevation changes,
and frequently loses tracking across continents and thus this mission
provides almost no data for rivers, even for reaches as large as those of
the Amazon or Negro rivers. Better results seem to be achievable using
its successor, JASON-2 where the reception window is driven over the
continents by a DEM implemented onboard. Preliminary results for
JASON-2 performance over rivers have been presented in Calmant et
al. (2009) but to date no validation has been published. As far as
Geosat Follow On (GFO) is concerned, the measurements released by
the US Navy — when they exist — are mostly useless in their present
form and little improvement is to be expected: the sensor data are not
provided, except for a few tracks passing over Greenland, and thus the
radar echoes cannot be reprocessed to seek improved estimates of the
radar two-way travel time. Consequently, the ERS-2— ENVISAT series,
launched by the European Space Agency is the only one potentially
providing a worldwide dataset of water level time series since 1995. It
deserves an in-depth investigation of its ability to retrieve stages of
continental waters, given the importance of this information either for
scientific studies (ranging from global water cycles to themodelling of
runoffs on the scale of basins) or for societal applications (such as
water management, flood prediction and prevention of consequent
water-related diseases, epidemics, among other environmental
approaches).

Few studies devoted to an in-depth assessment of radar altimetry
over rivers, whether or not they include comparisons with in situ
gauges, have been published. Among others, Birkett (1995, 1998,
2002), De Oliveira Campos et al. (2001), Frappart et al. (2005) used
the Topex/Poseidon GDR (Geophysical Data Records) data and
Frappart et al. (2006a,b) and Seyler et al. (2008) used the ENVISAT
GDRs. Altimetry has evolved significantly since the early 90s when the
ERS-1 and T/P systems were designed. The main progress was in
reprocessing the raw radar data, the so-called waveforms, using

mailto:joecila.silva@ird.fr
http://dx.doi.org/10.1016/j.rse.2010.04.020
http://www.sciencedirect.com/science/journal/00344257


Fig. 1.Map of the Amazon basin displaying the location of the ENVISAT-rivers crossings
presented in the study. The background image is a mosaic of the JERS-1 SAR image at
high water season provided by the GRFM project. Black pixels are open sky waters.
White pixels stand for inundated forest. Gray pixels stand for dry forest and terra-firme.
Black lines indicate the ENVISAT tracks.
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various algorithms, known as retracking algorithms, different from
the standard algorithm tuned for ocean surfaces and routinely
implemented in the missions of the 90s such as ERS and T/P missions.
Today, the routine processing of the ENVISAT data uses four tracking
algorithms, namely Ocean (Brown, 1977), Ice-1 (Bamber, 1994;
Wingham et al., 1986), Ice-2 (Legrésy, 1995) and Sea-ice (Laxon,
1994). The Ice-1 and Ice-2 algorithms prove to be much more efficient
for continental waters than the early standard processing using the
Ocean algorithm (see for example Frappart et al., 2006b). Projects
such as the OSCAR project (Observation des Surfaces Continentales par
Altimétrie Radar; Legrésy, 1995) or the CASH project (Contribution de
l'Altimetrie Spatiale pour l'Hydrologie; CASH, 2010) have used these
advances to reprocess the earlier ERS and T/P raw data and thus
propose improved altimetry systems for continental waters. Frappart
et al. (2006b) successfully used the ERS-2 data produced by the
OSCAR project in a study of the Mekong River. The work on
reprocessing T/P data within the scope of the CASH project has not
yet been published. ESA funded the River and Lake Project (River
& Lake, 2010) which aims to reprocess the waveforms of all the
ERS and ENVISAT data and provide height series at thousands of
crossings between the satellite ground tracks and river segments
(Berry et al., 2005). This re-processing is based on the comparison of
the individual waveforms with a theoretical set, and convolves the
waveforms with the algorithm dedicated to processing the template
that the waveform best compares with. This approach is different
from that used in the present study. This study aims to evaluate the
height series that can be derived from existing range data publicly
released by either the Space Agencies such as ESA or NASA or by
dedicated projects. This approach is intended for investigators who
wish to develop their own series without processing the raw wave-
forms. In this perspective, the study sets out to assess the quality of
the ERS and ENVISAT radar altimetry data at 45 satellite track cross-
ings with river segments in the following conditions:

– the focus was on the Amazon basin, where a large variety of river
segments and environments can be found, including the Andean
piedmont;

– a cautious 3D selection of the data in planar and cross-sectional
views was performed;

– the along-track height profile was corrected for off-nadir effects
when required;

– time-series over wide segments (several kilometres) and small
segments (a few dozen meters) were analysed;

– external comparisons were made with gauge readings both for
tracks passing right over a gauge and for tracks passing up to
80 km away from a gauge;

– internal comparisons were performed at crossovers.

For ENVISAT the Ice-1 and the Ice-2 products were used, and
only the Ice-2 products for ERS-2. Preliminary work conducted within
the scope of this study confirmed the finding by Frappart et al.
(2006a) concerning the poor results obtained in the Amazon basin
using the Ocean and Sea-ice trackers. The ranges given by these
trackers are obviously erroneous in most cases. Therefore the work
conducted for the Ocean and Sea-ice trackers are not reported in this
study.

The list and locations of ERS-2 and ENVISAT crossings analyzed in
this study are provided in Table 1 together with the in situ gauges used
for comparison and displayed in Fig. 1.

The water levels were computed as given in Eq. (1):

H = as−ρ + Ciono + Cdry + Cwet + Cst + Cpt ð1Þ

In Eq. (1), as stands for the satellite altitude, ρ stands for the range,
Ciono stands for the correction for delayed propagation through the
ionosphere, Cdry and Cwet stand for the correction for delayed
propagation in the atmosphere, accounting respectively for pressure
and humidity variations, Cst and Cpt stand for the corrections for
crustal vertical motions respectively due to the solid and polar tides.
Errors in all these corrections are not evaluated in the present study.

The gauge readings used in this study were obtained from ANA
(Agência Naçional de Águas, ANA, 2010), the Brazilian agency in charge
of the hydrology database. The raw readings may contain errors. In
many cases, for instance, a reading is twofold. The operator has to read
two numbers: the integer and decimal parts of the water height, in
meters. The decimal part is read on the 1-meter rule screwed onto the
gauge segment that is actually reached by the water. The integer part
of the reading is given by the labels of the successive segmentsmaking
up the gauge. The starting value of the labels is zero, at the bottom of
the gauge, hereafter referred to as the gauge zero. The position of this
zero in terms of altitude is simply the lowest level accessible at the
time of installation of the gauge. Therefore, the gauge readings are not
absolute levels, they correspond neither to ellipsoidal height nor to
altitude. The most frequent reading error occurs when reporting the
integer part of the height value. Since mis-reporting often lasts for
weeks, it is quite easy to detect because it yields a step in integer value
in the series. The other error consists in reporting readings on gauge
segments that are no longer levelled with respect to the other
segments of the gauges. This error is muchmore difficult to detect, but
it can reach 1dm. The official checking process is long, and the series
that we used in this study were not checked to the end. For the most
recent data, roughly after 2007, we used unchecked data that were
manually corrected when necessary. As aforementioned, we only
corrected for steps since it was not possible to assess errors arising
from dis-calibrated gauges. For demonstration purposes, the series for
Seringal were left uncorrected of the step evidenced in late 1995. ANA
publishes daily values. In most cases, these daily values are the
average of a morning reading (07:00 local time) and an afternoon
reading (17:00 local time). We used these daily values, without
interpolation at the actual time when the satellite flew over the river.

2. The ESA ERS and ENVISAT altimetry missions

Within the Earth Observation Program, the European Space
Agency (ESA) launched the satellite ENVIronmental SATellite (ENVI-
SAT) in March, 2002. ENVISAT embarks 10 instruments (Wehr &
Attema, 2001) including a nadir radar altimeter (RA-2 or Advanced
Radar Altimeter). ENVISAT flies on a helio-synchronous circular orbit
with an inclination of 98.5° and a 35-day repeat period. It completes a



Table 1
Locations of the virtual stations presented in this study together with those of the gauges used for comparison. Widths are at the crossing with the satellite tracks. Negative distances
indicate that the track crosses the river upstream from the gauge and conversely, positive distance indicates that the track crosses the river downstream from the gauge. Coordinates
are those for the gauge when one exists, and otherwise those for the crossing of the track with the river bed (italicized). Cross in the off-nadir column indicates that some or all of the
cycles were corrected for off-nadir effect by fitting parabolas.

Code ANA Station name Latitude Longitude Width (km) Track Distance (km) 0-Slope Off-nadir In situ X Over 0-dist Ref.

Negro river 2.658 −67.527 0.30 78 X X0
Pardo river −1.735 −60.576 0.20 106 X X X1

0.20 149 X X
Unini River −1.734 −62.731 0.15 736 X X2

0.16 779 X
Amazon River −3.329 −58.780 5.50 478 X X3

4.00 063 X
Solimões River −3.323 −60.217 11.00 564 X X4

11.00 149 X
Itapará River −0.085 −61.663 0.08 192 X X5

0.08 693 X X
14250000 São Felipe 0.372 −67.313 0.92 536 0 X Z1
15490000 Prosperidade −8.452 −63.518 1.65 192 0.51 X X X Z2
13980000 Paricatuba −4.409 −61.899 0.85 650 0 X Z3
15828000 Fazenda Boa Lembr. −7.593 −60.709 0.39 235 0 X X Z4
12870000 Barreirinha −2.100 −66.417 0.22 450 0 X Z5
10200000 Palmeiras do Javari −5.139 −72.814 0.12 794 −5.65 X G01
10300000 Santa Maria −4.579 −71.413 0.17 837 −2.24 X G02
11400000 São Paulo de Olivença −3.45 −68.75 1.75 078 −13.38 X G03

1.82 665 −6.56 X X G04
11444900 Ipiranga Novo −2.930 −69.693 0.94 207 5.66 X G05
12200000 Barreira Alta −4.221 −67.892 0.19 121 −12.37 X G06
12351000 Fonte Boa −2.491 −66.062 1.03 493 −9.84 X G07
12400000 Serra do Moa −7.447 −73.664 0.05 007 −1.35 X X G08
13955000 Beabá −4.859 −62.869 0.62 192 20.09 X X G09

0.62 321 13.77 X X G10
13962000 Arumã – Jusante −4.729 −62.145 1.21 192 12.10 X G11
14230000 Missão Içana 1.074 −67.595 0.23 035 6.31 X X G12
15130000 Pimenteiras −13.486 −61.05 0.15 478 5.85 X X G13
15150000 Pedras Negras −12.851 −62.899 0.33 106 28.98 X G14
15200000 Príncipe da Beira −12.427 −64.425 0.69 192 3.04 X G15
15558500 Fazenda Apurú −11.002 −62.117 0.04 865 2.63 X G16
15650000 Maloca Tenharim −7.958 −62.042 0.07 321 3.77 X G17
16010000 Urubu River −2.660 −59.361 0.09 020 1.82 X X G18
14990000 Manaus −3.068 −60.164 8.10 564 −16.00 X X G19

−3.071 −60.270 2.90 149 −29.00 X X G20
15030000 Jatuarana −3.063 −59.648 5.00 607 14.00 X X S1

11.00 149 77.61 X
11.00 564 77.61 X

14480002 Barcelos −0.966 −62.931 17.41 779 −4.40 X X S2
15.00 278 52.60 X X

14100000 Manacapuru −3.311 −60.609 8.00 693 42.00 X X S3
11.00 149 −45.00 X

17050001 Óbidos – Linígrafo −1.919 −55.513 2.72 349 −4.42 X X
3.66 306 9.47 X X

12872000 Maraã −1.861 −65.599 3.00 908 −5.50 X X S4
1.82 951 6.20 X X

13750000 Seringal Fortaleza −7.716 −66.999 0.25 908 −15.48 X X S5
0.20 121 42.94 X X
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global cover of the Earth between latitudes of ±81.5° and the orbit
ground-track has an inter-track distance of approximately 80 km at
the Equator. RA-2 is a high-precision radar pointing towards the nadir
and operating in two frequencies (Zelli, 1999), e.g. at 13.575 GHz
(2.3 cm wavelength, Ku band) and at 3.2 GHz (3.4 cm wavelength, S
band). This dual-frequency system enables estimation of the delay in
propagation of the radar pulse through the ionosphere. ENVISAT is the
follow-on mission for the ERS-1 and ERS-2 missions. The 35-day
repeat orbit followed by ENVISAT was first flown during a part of the
ERS-1 mission, then during the entire ERS-2 mission. This implies that
ERS-2 and ENVISAT cover the same ground-track. It can be noted that
the tracks are in this case labelled identically; i.e. identical numbers
are attributed to the same half-revolution ground-tracks.

The ERS missions started with the launch of ERS-1 in July 1991.
ERS-2 followed in April 1995, providing an ERS-1 and ERS-2 overlap
between the two missions until mid-1996 when ERS-1 was put into
hibernation. The water stages computed using the ERS-1 data in the
present study proved to be meaningless in terms of levels of the water
surface at the crossings with the satellite track. It was not even possible
to detect the river segments in the along-trackheight profiles. It isworth
noting that Berry et al. (2005) apparently arrived at the sameconclusion
since theydiscarded theERS-1 series in thepart of their studydevoted to
the Amazon River. Also, ERS-1 was placed on different orbits during its
lifetime. Thus, ERS-1 data is not presented in the present study.
Although the ERS-2 radar altimeter is still working, no data are available
later than early 2003 over our study area. Thus, an overlap of a few
months only exists between ERS-2 and ENVISAT between late 2002 and
early 2003. ENVISAT data is used up to mid 2008.

Altimetry data are distributed by ESA as GDRs (Geophysical Data
Records). GDRs include satellite position and timing, radar measure-
ments of the distance between the satellite and the reflecting surface
called ranges, corrections and flags. The ENVISAT GDRs include four
ranges determined using four different algorithms, namely Ocean
(Brown, 1977), Ice-1 (Bamber, 1994; Wingham et al., 1986), Ice-2
(Legrésy, 1995; Legrésy and Rémy, 1997) and Sea-Ice (Laxon, 1994). It
should be noted that none of these algorithms was dedicated to track
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ranges from radar echoes bounced back by river surfaces. As far as
ERS-2 GDRs are concerned, only ranges provided by the Ocean tracker
are provided. However the ranges computed by retracking the ERS-2
radar echoes with the Ice-2 algorithm within the OSCAR project
(Legrésy, 1995) were made available for this study. In studies
conducted over a few ENVISAT crossings in the Amazon basin,
Frappart et al. (2005, 2006a) concluded that Ice-1was the tracker that
performed best in this area, i.e. presenting lowest rms when the
altimetry series are compared to gauge series. Less robust than Ice-1 in
this context, Ice-2 performed less well but significantly better than the
Ocean and Sea-Ice algorithms. Thus, in the present study, the ranges
provided by both the Ice-1 and Ice-2 algorithms were used for the
ENVISAT data and those retracked with the Ice-2 algorithm only for
the ERS-2 data. The tests performed at LEGOS on the ERS-2 data
reprocessed in the OSCAR project revealed that a geographically-
correlated error affected these data. This means that at a given location
along a track, the error is constant from one cycle to the other, but it
varies from one place to the other. These data are thus fully usable to
produce time series for water level variations, but these series are not
leveled, unlike the ENVISAT series. The overlapping period, i.e. when
ENVISAT and ERS-2wereflying the same orbit 30min apart,was used to
empirically remove the bias in the ERS series. Ionospheric and
geophysical corrections provided in the GDRs were applied. The
tropospheric corrections are re-computed at LEGOS using global
meteorological models for the ENVISAT mission. These improved
tropospheric corrections have also been used in the computation of
the ERS-2 heights. For both missions, the range samples at high
frequency called the 20 Hzdatawere used. It should benoted that 20 Hz
is to be understood as the range value obtained by averaging one
hundred echoes received from the radar pulses emitted at 1795 Hz. The
spacing between successive 20 Hz measurements is about 350 m.

3. Processing altimetry data at virtual stations

3.1. The virtual station concept and the VALS toolbox

A virtual station (VS hereafter) consists in the intersection of a
satellite track with a water body, making it possible to pick up the
successive water levels at each pass of the satellite. Several factors
may affect the measurement a priori reflected from a water surface:

+ Radar echoes bounced back to the antenna receiver by non-water
reflectors such as banks, islets, vegetation, among other objects,
together with those from water surfaces, but with different levels,
will alter the determination of height;

+ The water surface at the rim of the footprint may dominate the
energy received by the satellite if it is not right over thewater body
and give an apparently valid nadir value while in fact there it is a
slant measurement, since the surface detected is off-nadir.

In order to overcome theseproblems in the selection of thedata to be
included in the estimate of a water height, the VALS Tool (2009) was
developed to enable simultaneous graphic and visual selection of
altimetry data at virtual stations. The data processing is performed in
three main steps:

+ Coarse selection guided by Google Earth imagery with satellite
tracks superimposed. The track segment crossing the surface of the
water body suggested by the background image is selected, and
contoured with a polyline. Altimetry data located within the
polyline are extracted from a database storing the measurements
with all corrections already applied. This preliminary subset is
passed on to the following step.

+ The second step consists in a refined selection. The data selected in
the first step are now displayed in a cross-sectional view. Here, the
points to be identified as likely outliers or non-watermeasurements
are discarded. Also, this projection efficiently evidences whether or
not off-nadir distortions affect all or part of the data set. If this is the
case, the height profiles are first corrected for the distortion by
removing a best fitting parabola to the height profile before final
selection. Failure to account for this effect may dramatically degrade
the quality of the height series and this point deserves particular
attention. It is more extensively developed in section B.

+ The last step consists in the computation of master points for each
pass. The median and mean values are computed for each pass
using the data subset selected in the second step. In the present
study, the median and associated mean absolute deviations were
retained to construct the time series. Frappart et al. (2005, 2006a)
showed that given the large number of possible outliers in relation
to the small number of points selected for each pass, the median
offers a more robust predictor than the mean would do. Also,
having both the mean and median solutions provides a qualitative
indicator of the presence of outliers.When no outliers are included
in the dataset, the mean and median operators should produce
close values. Uncertainties are associated to the mean and median
absolute values, as the standard deviation and mean absolute
deviation within the dataset used for a given pass. However, in
some cases, only one point was selected for a given cycle,
preventing estimate of standard deviation or mean deviation.
These points are marked with a horizontal error bar instead of the
vertical error bar in the regression figures.

Throughout thepresent study, theellipsoidalheightsactuallyprovided
by satellite altimetry have been converted into altitudes using the GRACE
static solution of geoid undulation GGM02C (Tapley et al., 2004).

3.2. The off-nadir correction

Off-nadir tracking of the echo bounced back by a water body before
or after passing right over it is quite common in the ERS and ENVISAT
measurements distributed in the GDRs. It applies to all kinds of water
bodies, including lakes, very large and narrow river segments. The
principle of off-nadir geometrical distortion is shown in Fig. 2. The actual
height of the water body at the nadir of the satellite is H0. Hi is the
apparent height obtained at the along-track distance dsi from the nadir
when computing the difference between the satellite altitude ai and the
slant (off-nadir) range ρi. The relationship betweenH0 andHi is given in
Eq. (2) by the following algebraic derivations:

H0 = a0−ρ0; Hi = ai−ρi; δai =
∂a
∂s dsi

a0 = ai + dai and ρ0−daið Þ2 + ds2i = ρ2i

Hi = a0−dai−ρ0
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Eq. (2) is a quadratic relationship between H0 and dsi. Therefore,
the off-nadir effect can be modeled at first order by fitting a degree-

two polynomial to the successive Hi heights values. In Eq. (2),
∂a
∂s is the

altitude variation of the satellite along the orbital segment considered.
As radar altimetry satellites are positioned on almost circular orbits,
the changes in satellite altitude over a few kilometers can be modeled

as a constant rate, and the term
∂a
∂sonly appears as a second order



Fig. 2. Diagram of the off-nadir effect in along track height profiles. Legend of symbols:
ai, ai′ and ai″ are the satellite altitudes and ρi ρi′ and ρi″ are the slant ranges at the
successive times ti, ti′ and ti″, respectively. a0 is the satellite altitude and ρ0 is the
equivalent nadir range at the time of passing at the zenith of the water body. H0 is the
true ellipsoidal height of the water body. hi, hi′ and hi″ are the heights of the water body
obtained by subtracting the slant ranges from the satellite altitudes (Eq. (1)) at
successive times ti, ti′ and ti″, respectively. Geophysical corrections are omitted in this
schematic view.

Fig. 3. Example of altimetry profiles affected by off-nadir effect at a crossing with the
Upper Rio Negro River. The upper figure (A) is a location map with mosaic of the JERS-1
SAR image in the background. White dots are ENVISAT Ice-1 measurements and black
dots are ERS-2 Ice-2 measurements. Red dots indicate the locations computed as being
those of nadir measurements for the ERS-2 and ENVISAT passes, respectively. The lower
panels B and C show the raw altimetry profiles evidencing that the off-nadir detection
of the river extends some distance from the river itself, about 3 km either above or
below the place where the satellite overflies the river. The gray band in the centre of
figures B and C indicates the approximate width of the river channel at the crossing
with the track. Note that following the second step of data selection in cross-section
views B and C, the islet, pointed out by the arrow, is not included in the dataset of points
to be retained in the final computation of master points, since these measurements are
not within the polylines.
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correction term. It is worth noting that at first order, the Hi values in

Eq. (2) are almost independent of
∂a
∂s.

The way in which this effect actually translates into altimetry
profiles is illustrated belowwith an example obtained from the Upper
Negro River (Fig. 3A). At the crossing with satellite track 078, the
Upper Negro River is about 300 m wide. Therefore, at most one of the
20 Hz measurements, spaced every 350 m, can be right over the river
segment at each pass. As shown in Fig. 3B and C, the altimetric profiles
form so many parabolas, both for the ERS-2 (Fig. 3B) and ENVISAT
(Fig. 3C) passes. These parabolas, extending far away on both sides of
the actual location of the river channel evidence off-nadir detections
either before the satellite overflies the river channel itself, or
afterwards. The altimetry profiles are least-square fitted by a parabola
as given by Eq. (3):

H sið Þ = us2i + vsi + w ð3Þ

where si is the along-track abscissa, as in Eq. (2). Given that a nadir
range would be the shortest range in the pass, i.e. the highest possible
value for the parabola, the actual water stage at each pass is thus
computed as the summit H0 of the parabola using the values of u, v,
w found in Eq. (4):

H0 = w−v2 = 4u ð4Þ

The raw profiles extracted from the altimetry profiles to be
corrected by fitting parabolas are shown in Fig. 4A. Profiles after
removal of the best-fitting parabolas are presented in Fig. 4B. The
abscissa s0 for which H=H0 is given by Eq. (5):

s0 =
−v
2u

ð5Þ

The s0 position found at each pass can be used to check for the
validity of the off-nadir assumption. The s0 positions along the profiles
are shown in Fig. 4A where they do indeed fall at the summit of the
parabolic profiles. Their corresponding geographical locations are
given in Fig. 3A. There, they fall in the immediate vicinity of the river
channel, indicating that the H0 height values thus computed are likely
to be the nadir equivalent of the series of off-nadir measurements. It is
in cases where off-nadir corrections must be applied to the data set
that the visual inspection mentioned above is the most critical. Time
series with master points computed using the corrected altimetry
profiles (Fig. 4B) of river stages are displayed in Fig. 4C. Indeed, in a
case of this sort and as illustrated in Fig. 3B and C, the dataset to be
retained for the computation of master points largely exceeds the
width of the river segment crossed by the satellite track. The limits
between measurements derived from the river banks and measure-
ments belonging to the river surface cannot easily be determined
automatically and they require a visual inspection in the cross-
sectional view.

Off-nadir measurements are thus an advantage for narrow rivers.
Conversely, off-nadir distortion of the height profiles can be a major
drawback for wide surfaces such as large river channels or lakes. This
point is illustrated in Fig. 5 where the crossing of ENVISAT track 220
with the Amazon River and Lake Grande de Monte Alegre is
presented. Only a few cycles are represented in order to keep the
figure clear. Here, off-nadir distortions occur in the middle of the



Fig. 4. Segments of the altimetry profiles selected for application of the off-nadir effect
correction. Left panels are for ERS-2 passes and right panels are ENVISAT passes (Ice-1
tracker). Uncorrected profiles are shown in the upper panel while the middle panels
show the profiles after removal of the best-fitting parabolas. Red dots indicate the
height equivalent to an actual nadir measurement. The bottom panel shows the time
series obtained in this way, squares and circles showing respectively the ERS-2 and
ENVISAT (Ice-1) measurements.

Fig. 5. Examples of off-nadir distortions of altimetry profiles over large water bodies,
namely the Amazon River and the Lake Grande de Monte Alegre on the north bank. In
both cases, multiple off-nadir effects give V shaped profiles, the values at the center of
the water bodies being not nadir measurements but slant measurements acquired
when the satellite was at the edge of the water body. It can be noted that off-nadir
measurements do not occur systematically. For some passes, nadir measurements are
acquired throughout the profile. In these cases, the altimetry profile along the pass
remains flat. This example illustrate first that off-nadir effect needs to be taken into
account, but also that the passes needing the correction have to be selected individually.
The background image is a mosaic of the JERS-1 SAR image at high water season
provided by the GRFM project.
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river, the combination of the two successive off-nadir series forming
V-shaped profiles. In a case of this sort, computing equivalent nadir
heights implies processing the height profiles piecewise, applying
parabolic off-nadir corrections to short pieces of distorted profiles
and then computing the master point from the corrected heights.
The same problem occurs over Lake Grande de Monte Alegre, just
north of the river, also crossed by track 220. Some of the
measurements in the centre of the lake are slant measurements of
height of water surfaces on the borders of the lake, possibly much
more reflective than the surfaces in the centre of the lake. A different
geometry is presented in Fig. 6 with the case of Lake Rocagua. Some
water level profiles collected by ENVISAT track 207 are devoid of
distortion and measurements are actual nadir measurements all
along the pass. Other height profiles are clearly affected by off-nadir
effects. The off-nadir distortions encountered in this case are
twofold. Given that track 207 is an ascending track, running from
South to North, the southward-plunging parabolas are due to the
onboard tracker sticking to the northern rim of the lake after the
satellite has passed the zenith of the southern shore (labelled as PN
in Fig. 6), while northward-plunging parabolas are due to the tracker
sticking to the southern, opposite shore (labelled as PS in Fig. 6) when
the satellite arrives over the lake at its northern shore, that is before it
has flown over the lake and reached the zenith of this opposite shore.
The summits of the parabolas are highlighted by the two arrows in the
lower panel of Fig. 6. Obviously, making a selection of the data on a
simple geographical criterion, for instance between the two arrows,
will produce erroneous height series if the raw height profiles are
not corrected beforehand. For the present study, this correction had to
be applied to all or some of the cycles in 23 cases of virtual stations
among 50.
3.3. Correction for non-exact repeatability of ground track

The ground tracks of the successive passes of a given mission do
not perfectly superimpose. In the case of the ERS and ENVISAT
satellites, the ground tracks of the individual passes can be up to 1 km
away from the nominal track. Thus, the final height values for each
pass do not all refer to the same location on the river and are affected
by the slope of the river segment This effect is allowed for bymanually
entering a slope value and correcting for the height difference
between the mean location of the pass and the location retained for
the virtual station. In the case of the Amazon basin presented in this
study, the slope varied between 1 cm/km and 10 cm/km and this
correction was a second order correction for most of the series.

3.4. Slope correction

Over sloping surfaces, the reflecting point is not at the nadir of the
antenna. It is displaced slightly towards the highest part of the reflecting
surface. Brenner et al. (1983) showed that the height error ΔHslope due
to the presence of a slope α in the radar footprint is given by Eq. (6):

ΔHslope = ρ 1− cosαð Þ∼ρα2

2
ð6Þ

where ρ is the range as in Fig. 2. For slopes of less than 10 cm/km
encountered in the Amazon basin, ΔH is as small as 5 mm. More
important, this correction would be identical for all the passes. It
merely corresponds to a shift of the whole series. Consequently, it has
not been considered in this study.



Fig. 6. Example of double off-nadir effect in ENVISAT track 207 when crossing Lake
Rocagua, Bolivia. The altimetry profiles shown in this example are for ENVISAT passes
(Ice-1 tracker). The gray coding of the points in the lower panel corresponds to the gray
coding of the background mosaic of the JERS-1 SAR image in the upper panel. Dots
above the lake thus appear in black. In this case, the off-nadir distortion was caused
either by themeasurement hooked at the southern bank of the Lake (point PS, parabolas
plunging northward) or by the measurement hooked at the northern bank (point PN,
parabolas plunging southward). Again, some passes were not affected by any off-nadir
distortion.
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4. Validation

4.1. Internal validation at crossovers

River segment crossovers of satellite tracks afford an important
opportunity to assess altimetry data quality, since they provide data
complying with the criterion of independent measurements of the
same water body. However, cases where the two tracks form a
crossover on a river channel and overfly the river at short time
intervals are rare. Among the five cases of crossover presented in this
study (Fig. 7), two cases present a 1.5 day time-lag between the two
tracks (Table 2) and the other three cases have larger time-lags (see
Table 3). In the cases where the time-lag is only 1.5 days, it is assumed
that the water level has not changed significantly between passes in
the same cycle. This is a conservative assumption unlikely to under-
evaluate the true error budget.

The first case is a crossover on the Pardo River (SV X1). Here, the
crossover is formed by tracks numbered 106 and 149. Small (Δtm) and
large (ΔtM) time-lags between passes are given by the following
simple rule (Eq. 6):

Δtm = R × MIN N1−N2ð Þ NT− N1−N2ð Þð �=NT½ ð6aÞ

ΔtM = R−Δtm ð6bÞ

where N1 and N2 are the track numbers, NT is the total number of
tracks and R the repeat time, depending on the orbital parameters. NT

equals 1002 and R equals 35 days in the case of the ERS and ENVISAT
missions. In the case of the Pardo River, Δtm equals 1.5 days.

Regression coefficients between the two series are 0.987 and 0.858
for ENVISAT (Ice-1 tracking) and ERS-2 (Ice-2 retracking), respectively.
The root mean square (rms) differences between the heights at the two
passes of each cycle are respectively 18.3 cm and 40.3 cm for ENVISAT
(Ice-1) and ERS-2 (Ice-2) series pairs. It can be noted that these results
include correction for river slope. Indeed, in this case, since the tracks do
not cross exactly over the river, ground tracks are 2 km away one from
the other over the river. This opportunity was used to compute a river
surface slope from the difference between the means of the two time
series. The distance between each pass crossing was computed, and a
mean position midway between the two tracks, corrected for the
corresponding height difference given the above-mentioned slope. The
reduction in rms is of second order (a couple of centimeters in rms
values) and it is cited mostly because the determination of the local
slope appears as an interesting by-product of crossover analyses. It is
worth noting that the Pardo River is quite narrow at the location of the
crossover, narrow enough for no open-sky black pixel to signal the river
surface in the mosaic of the JERS-1 SAR image background used
(Siqueira et al., 2000) provided by the GRFM project (Rosenqvist et al.,
2000), and for the river course to be merely suggested by a continuous
line of white pixels, testifying inundated forest. Accordingly, from this
observation in the mosaic of the JERS-1 SAR image, we evaluated the
channel at the crossing with the track to be less than 100 mwide. Thus,
as in the case of the Upper Negro River, the off-nadir effect appears as a
great benefit for narrow rivers since data selection based on river
signaturewouldmissmost of themeasurements available for at the best
computation of the water level for each pass. The second case of short
time-lag crossings is located over the Unini River (SV X2), between
tracks 736 and 779. Here, the river width is ∼750 m. Regression
coefficients between the two series are 0.995 and 0.739 for ENVISAT
(Ice-1 tracking) and ERS-2 (Ice-2 retracking), respectively. The rms
difference for ENVISAT (Ice-1 tracking) is 18 cm, similar to the value
found on Pardo River. For ERS-2 (Ice-2 retracking), at 52 cm, rms is
larger on Unini River than on Pardo River (Table 2).

The three other cases presented in this study have inter-pass time-
lags of 14 and 17 days, which prevent direct comparison of heights.
Thus, we assessed the quality of the series by comparing the amplitude
of the two signals using the criterion ε computed as follows in Eq. (7):

ε = σ1−σ2ð Þ = σ1 + σ2ð Þ × 100 ð7Þ

where σ1 and σ2 are the standard deviations of the time series
respectively for the first and second tracks making the crossing.
Crossings are for large channels, such as X3 and X4, located respectively
over the Amazon River and over the Solimões River, and a narrower
channel, that of the Itapará River (SV X5). Results are presented in
Table 3. In Table 3 identical comparisons are also included for the two
previous short-time-lagcases, namelyX1 andX2. ForENVISAT, values for
ε range from 2 to 5%. For ERS-2, ε values are a slightly less satisfactory,
ranging from 2 to 6%. The value found for ε in the case of short-time-lag
crossings range from 3% to 5% for ENVISAT series (Ice-1 tracker) and 4%
to 6% for the ERS-2 series. Thus the values found for the large time-lag
pairs are comparable with those found for the short time-lag crossings.
We are aware that this ε parameter does not provide a full analysis of
series quality by itself but it enables some restriction of the error
magnitude, and we guess that the mean error for the large time-lag
series is of the same order as it is for the short time-lag series, i.e. around
20 cm for ENVISAT and in the range 40–50 cm for ERS-2.

4.2. External validations by comparing with gauge reading

Comparisons of our altimetry-derived time series for river stages
with readings at in situ gauges were performed for 23 SVs. The data
selection was performed independently for the ENVISAT Ice-1 and Ice-
2 series. Comparisons were conducted in the form of regression
analyses (Tables 4 and 5), separately for the ENVISAT Ice-1, ENVISAT
Ice-2 and ERS-2 Ice-2 series. The regressions should be interpreted
differently according to whether the satellite track passes right over



Table 3
Comparison of signal amplitude between tracks forming a crossover with large time
lags. The last two lines in italics are for virtual stations with short time lags (Table 2),

Fig. 7. Time series of water levels obtained by combining the series from pairs of tracks forming a cross-over over a river channel.
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the gauge or not. The cases where the gauge is right below the track
and those where it is away from the track are presented separately. A
track is considered to pass right over a gauge when the gauge is
located less than 2 km from the satellite track, 2 km being roughly the
half-width of the pulse-limited radar beam over a flat surface. The
leading coefficient of the regression provides the scale factor between
the amplitudes of the two series. When the track passes right over the
gauge, the constant term provides an estimate of the ellipsoidal height
of the gauge zero and is used later on to level the gauge zero. This term
is useless when the gauge is away from the track.

4.2.1. Gauges immediately below satellite tracks
Table 2
Rms difference per cycle between tracks forming a crossover with short time lags.
Codes in brackets refer to Table 1 and Fig. 1.

Virtual station Lag ENVISAT ERS

(days) (cm) [# pairs] (cm) [# pairs]

Unini River [X1] 1.5 18 [46] 52 [46]
Pardo River [X2] 1.5 28.0 [48] 40.3 [58]
Instances where the gauge is immediately below the track were
encountered 5 times in the basin. These cases are labelled Z1 to Z5 in
Table 1 and in Figs. 1 and 8. Results are summarized in Table 4. For the
ENVISAT series, the lowest rms value found for the Ice-1 tracker is 25 cm
at Fazenda Boa Lembrança (labelled Z3 in Table 1) and the lowest rms
value found for the Ice-2 tracker is 24 cm at Barrerinha (labelled Z4 in
Table 1)while the lowest rms value found for ERS-2 series is only 41 cm,
also at Fazenda Boa Lembrança. For the ERS-2 series, large rms values of
provided for comparison of the σ and ε parameters. Codes in brackets refer to Table 1
and Fig. 1.

Virtual station Lag
(days)

ENVISAT (m) ERS (m)

σ1 σ2 ε σ1 σ2 ε

Amazon River [X3] 14 3.16 3.00 2.6 3.24 3.54 4.9
Solimões River [X4] 14.5 3.21 3.27 3.2 3.56 3.91 5.4
Itapará River [X5] 17.5 2.00 1.93 1.8 1.79 1.74 1.3
Pardo River [X1] 1.5 1.00 0.91 4.7 1.06 0.95 5.8
Unini River [X2] 1.5 1.73 1.80 2.8 1.97 1.85 4.7



Table 4
Statistics for the comparison between gauge readings and tracks passing right over the gauge. The Z0 parameter indicates the altitude of the gauge zero of the station as provided by
the difference between the means of readings and altimetry height, corrected for the local undulation of the GGM02C geoid model. The Δz parameter indicates the difference
between the constant term of the regression line and Z0.

Station Track
#

ENVISAT (2002–2008) ERS — 2 (1995–2002)

ICE-1 ICE-2 ICE-2

Regres coef Z0 (m) Δz (m) rms (m) Regres coef Z0 (m) Δz (m) rms (m) Regres coef Δz (m) rms (m)

Barrerinha (Negro River) 450 1.008±0.014 31.760±0.42 0.088 0.278 1.006±0.013 31.815±0.169 0.069 0.239 0.788±0.088 2.322 1.43
Paricatuba (Negro River) 650 0.976±0.012 7.809±0.187 0.378 0.523 0.983±0.008 7.643±0.134 0.357 0.442 0.920±0.036 1.25 1.07
Fazenda B. L. (Madeira River) 235 0.993±0.003 31.442±0.024 0.043 0.249 0.985±0.004 31.424±0.025 0.096 0.256 0.973±0.009 0.175 0.413
São Felipe (Negro River) 536 0.977±0.005 59.005±0.043 0.207 0.279 0.969±0.005 58.937±0.050 0.724 0.282 0.993±0.018 0.066 0.517
Prosperidade (Madeira River) 192 1.004±0.005 38.710±0.056 0.037 0.398 0.993±0.006 38.561±0.069 0.061 0.441 0.863±0.192 1.339 1.975
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1.43 m and 1.98 m are found at Barreirinha and Prosperidade (labelled
Z2 in Table 1), respectively. These large rms values do not correspond to
large random errors. In fact, they result from a few points presenting a
large error (grayed areas in Fig. 8). It can be noted that all these points
have almost the samealtimetryheight andmight correspond to themis-
detection of some topographic feature. In the present case of zero-
distancebetween the twoseries andwell-channeled river segments, the
leading coefficient should be equal to 1. In fact, the coefficient ranges
from 0.976 to 1.008 for the ENVISAT Ice-1 series, from 0.969 to 1.006 in
the ENVISAT Ice-2 series and from 0.788 to 0.993 for the ERS-2 Ice-2
series (Table 4). As far as the ENVISAT results are concerned, results
obtained using the Ice-2 tracker are as good as those obtained using the
Ice-1 tracker. In a previous study, Frappart et al. (2006a) arrived at the
different conclusion that Ice-1 was performing better than Ice-2. In
Frappart et al. (2006a), the series were obtained by simple geographical
selection of the measurements for passes as a whole. No editing of the
measurements included in the domain making up the Virtual Station
was performed. Our experience shows that more outliers are present in
the Ice-2 ranges than in the Ice-1 ranges. The difference in performance
of the Ice-2 tracker betweenour studyand thatby Frappart et al. (2006a)
could result from the improved elimination of these outliers that we
were able to achieve in the present study using the VALS Tool.

Levels of gauges with altimetry series can be obtained from the
simple difference between the means of the altimetry series and the
means of the gauge readings at the relevant dates. In the present cases
where the tracks pass right over the station, the constant term of the
linear regression also corresponds to the ellipsoidal height of the
gauge zero if the leading coefficient equals 1. The difference between
Table 5
Statistics for the comparison between altimetry series and gauge readings for tracks passin

Station Code ENVISAT (2002–2008)

ICE-1 IC

Regres coef rms (m) Es Re

Palmeiras G1 1.016±0.056 0.361 91 1.
Santa Maria G2 0.978±0.026 0.810 91 0.
São Paulo Olivença G3 1.325±0.179 0.802 91 1.2

G4 1.039±0.010 0.452 91 1.
Ipiranga Novo G5 1.002±0.009 0.343 89 1.
Barreira Alta G6 0.964±0.009 0.372 91 0.
Fonte Boa G7 0.948±0.011 0.432 87 0.
Serra do Moa G8 1.325±0.142 0.775 89 0.
Beabá G9 0.775±0.16 2.259 91 0.

G10 1.009±0.021 0.258 91 1.
Arumã Jusante G11 0.975±0.002 0.225 86 0.
Missão Içana G12 0.990±0.006 0.298 91 0.
Pimentairas G13 1.010±0.002 0.139 98 1.
Pedras Negras G14 0.842±0.001 0.118 91 0.
Príncipe da Beira G15 1.020±0.004 0.296 89 1.
Fazenda Apurú G16 1.054±0.053 0.462 91 1.
Maloca Tenharim G17 1.057±0.0037 0.212 91 1.
Urubu G18 0.955±0.012 0.317 91 0.
Manaus G19 0.928±0.001 0.160 91 0.

G20 0.962±0.012 0.539 91 0
the two calculations of the level of the gauge zero is another way to
assess the quality of the information derived from the altimetry series.
This difference is shown in Table 4 for the ENVISAT series together
with the level of the gauge zero given by the difference of the means.
Since the ERS-2 series are biased, no level for the gauge zero can be
computed. Thus, only the difference is given in Table 4. For ENVISAT
series, the differences in altitudes of the gauge zeroΔz obtained by the
two methods range from 4 cm to 38 cm for Ice-1 series and from 7 cm
to 72 cm for the Ice-2 series. Values for ERS-2 extend over a much
wider range, from 7 cm to 2.3 m. In all cases, the largeΔz are obviously
associated with regression coefficients considerably different from 1.

Leveling the gauge zeros with series derived from different
trackers is an opportunity to quantify the possible discrepancy
between the ranges provided by the two algorithms Ice-1 and Ice-2.
Indeed, since the two algorithms do not fit the same part of the
waveform, they do not measure the height of exactly the same
reflecting facet, Ice-2 being more localized than Ice-1. This may
translate as a discrepancy between the two range estimates. This
discrepancy is here computed as the difference between the values
obtained for Z0 when calibrating the gauge level using the Ice-1 and
Ice-2 ENVISAT series. The mean value of the differences in the value of
Z0 for the Ice-1 and Ice-2 ENVISAT results shown in Table 4 is 6±7 cm,
which is not statistically significant but is significantly different from
the value of 24 cm found by Cretaux et al. (2009) over lakes.

4.2.2. Gauges away from the tracks
Comparison with gauges that are not immediately below the track

were conducted for cases where the distance between the gauge and
g in the vicinity of a gauge.

ERS — 2 (1995–2002)

E-2 ICE-2

gres coef rms(m) Es Regres coef rms(m) Es

012±0.059 0.369 91 0.982±0.035 0.831 100
985±0.027 0.830 91 0.823±0.103 1.193 98
63.±0.123 0.666 89 0.912±0.051 1.163 100
029±0.017 0.577 91 1.039±0.018 0.683 90
031±0.010 0.345 89 0.952±0.020 0.533 96
948±0.009 0.374 91 0.914±0.021 0.544 94
967±0.003 0.237 85 0.954±0.015 0.582 95
738±0.124 0.722 87 1.481±0.598 1.636 71
867±0.101 1.792 91 0.890±0.038 1.196 97
006±0.028 0.295 91 0.982±0.024 0.925 90
986±0.002 0.235 87 1.017±0.005 0.400 100
963±0.007 0.335 91 1.051±0.013 0.442 82
027±0.003 0.164 98 1.021±0.027 0.512 94
847±0.001 0.119 91 0.785±0.008 0.322 99
016±0.006 0.338 89 0.989±0.016 0.340 25
077±0.045 0.427 91 N/A N/A 74
068±0.005 0.254 91 1.043±0.045 0.716 87
947±0.013 0.343 91 N/A N/A 60
981±0.001 0.164 91 0.934±0.032 1.00 81
.92±0.027 0.808 91 0.973±0.053 1.25 81
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the track was less than 30 km. 20 cases were found and processed
(Fig. 9). The results of the comparison are given in Table 5. These
results are highly variable. The smallest rms value, namely 12 cm, is
found at Pedras Negras (labelled G14) for the ENVISAT Ice-1 series. For
that SV, the regression coefficients are significantly different from 1, at
0.842, 0.847 and 0.785 for the ENVISAT Ice-1, Ice-2 and ERS series,
respectively. In this case, the river is quite narrow,∼250 mwide at the
station and 190 m wide at the crossing with track 106, 30 km away
from the station. Another very good comparison is found at
Pimenteiras, labelled G13. Here, the Madeira River is even narrower,
150 mwide both at the location of the station and at the crossing with
track 478, 6 km downstream. The regression coefficient between
gauge readings and altimetry is better (i.e. closer to 1) for these sites
than it was for the gauges right below the track on large river
segments. Distances between the satellite track and the gauge on the
one hand and width of the river segment at the crossing on the other
hand are thus not factors that systematically increase the discrepancy
between gauge readings and satellite altimetry.

Three in situ stations are compared eachwith two tracks. São Paulo
de Olivença, located on the Solimões River, is compared with track
078 at site G03 and track 665 at site G04, both tracks passing upstream
of the station; Beabá, located on the Purus River, is compared to track
192 at site G09 and track 321 at site G10, both tracks passing
downstream of the gauge and Manaus, located at the mouth of the
Negro River, is compared to tracks 564 at site G19 and track 149 at site
G20, both tracks passing upstream. For all cases, comparison of a
gauge with the altimetry series gives very different results. At site
G03, the São Paulo de Olivença gauge compares quite poorly with the
Fig. 8. Regression studies for the tracks passing right over a station. The diagonal dotted line i
histograms of the residuals in the bottom right hand corner are the rms, in cm.
track-078 series, in particular for the Ice-1 tracker series, and
compares much better with the track-665 series. The hydrological
context is indeed very similar between the gauge and track 665, more
so than between the gauge and track 078. Between track 078, the
furthest west, and track 665, the one closest to the gauge, a tributary
abuts on the southern bank of the main stream of the Solimões River,
and produces a partial damming of the river bed by depositing a large
amount of sediment, evidenced in the form of a sand bank on the
southern bank of the Solimões River channel. In addition, a branch
diverts part of the flow of the Solimões River towards the northern
bank, the flow returning to the main channel only east of the gauge.
The flow passing at the crossing with track 078 is thus different from
the flow both at the crossing with track 665 and at the gauge. Also, the
width of the river channel is 1.1 km only at the gauge while it is much
wider, ∼1.8 km, at the crossings. In panel G03 of Fig. 9, showing the
regression between the gauge readings with the track 078 series,
some points at mid-height of the series appear to diverge markedly
from the general trend, all being at altimetry heights around 55–56 m.
It is probable that certain echoes polluted by the sandy islet on the
southern bank may have not been properly identified as erroneous
andwere included in the selection. Comparison of Manaus with tracks
564 and 149 at sites G19 and G20, respectively, gives noticeably
different rms results (Table 5). Rms are significantly lower with track
564 that is crossing the river closer at a much larger section that the
river width at the gauge location than with track 149, further
upstream but crossing the river at width similar to that a the gauge
location. This example is typical of the rapid increase of the
differences in level series in such a case of backwater effect due to
ndicates perfect correlation, as its slope equals 1. The numbers in parentheses beside the



Fig. 8 (continued).
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the confluence with a main stem at the mouth of the river. As far as
the Beabá gauge is concerned at sites G09 and G10, the Purus River
meanders regularly all along the segment from the gauge to the
crossings, suggesting that nomajor change occurs in the flow from the
gauge to the crossings. In addition, the gauge readings compare well
with the altimetry series at track 321, in particular for the ENVISAT
series. In contrast, a poor match is found for track 192. Again, points
deviating markedly from the general trend are grouped at a fairly
constant height, between 26 and 28 m, suggesting lack of prior
identification of a relief feature among the measurements, so that it
was not excluded from the data sub-set selection. A few kilometres
downstream, track 779 crosses the Purus River 12 km away from
gauge Arumã (labelled G11). Here, where data selection was
unambiguous, regression coefficients ranging from 0.98 to 1.02 are
found, together with low rms values for all the series. The poorest
match between gauge and altimetry series is at Serra do Moa, labelled
G08. The regression line between the gauge readings and the three
different altimetry series have leading coefficients that are greatly
different from one, namely 1.325 and 0.738 for the ENVISAT series and
1.481 for the ERS series. Here, in the Andean piemont, the river is still
narrow, about 50 m wide, and the gauge readings indicate that the
river stages vary quite rapidly. It can be noted that although the
distance between the crossing and the track is just 1.5 km, the track
crosses the river in the hills marking the eastern border of the Andes
while the gauge is located in the plain at the foot of the hills. The river
stages may thus present significant variations between the two
locations, where the dynamics of the flow are likely to be very
different, making the comparison possibly notmeaningful. Finally, the
slope of the river is steep, likely to be greater than 10−2 locally. The
slope correction presented in Eq. (6) would be required to link all the
master points of the time series to a theoretical (identical) crossing
location. However, this slope being unknown, no correction has been
applied.

Urubu, labelled G18, and Fazenda Apurú, labelled G16, are two
sites where comparison was limited to a few points because of lack of
in situ measurements. In both cases, comparison was impossible for
the ERS series. In such cases, the altimetry series offer a valuable
complement to the in situ readings for dates prior to the installation of
the gauges.

The histogram of the rms differences between the altimetry series
and the best-fitting regression lines is shown in Fig. 10. 70% of the
ENVISAT series have rms values lower than 40 cm, but only 35% of the
ERS-2 series have rms values that are as good and the proportion of
70% is reached only at 80 cm.

4.3. Validation using a hydrodynamical criterion: the null-slope test

Flow laws imply at first order that the altitude of the water surface
upstream be always higher than that of the water surface downstream.
Practically, it is almost impossible to use this simple rule to verify the
hydro-dynamical consistency of altimetry-derived series pairs, since
different tracks are not very likely to cross the river at the same dates.
Therefore, this test was performed with pairs of altimetry series when
the tracks fall on either side of a gauge. We checked if a gauge series
could be level-adjusted between two altimetry series without violating
the rule that states that no point of the gauge series is lower than a point
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of the downstream altimetry series and no point is higher than the
altimetry series upstream. Six cases are presented. It ismandatory that a
test of this sort be conducted using altitudes, not ellipsoidal heights. As a
result, the test could be biased by errors in the geoid model. The series
used in this part of the study are the ENVISAT Ice-1 and ERS-2 Ice-2
series. Very similar resultswere foundwith the ENVISAT Ice-2 series and
they are not presented here. They are labelled from S1 to S6 in Table 1
and Fig. 11. The first case is at Jatuarana, on the Amazon River. It is
labelled S1. ENVISAT track 607 crosses the river 14 km downstream
from the gauge and ENVISAT tracks 564 and 149 form a cross-over on
the river 75 km upstream from the gauge. The series are shown in
Fig. 11. The minimum altitude of the gauge zero for it to remain higher
than the downstream altimetry series is 4.230 m. The gauge zero being
at that altitude, the gauge and altimetry series only differ by a few
centimeters at the very low river levels of late 2005 (Fig. 11). The
maximum altitude of the gauge zero for the series to remain lower than
the upstream series of tracks 149–564 is 4.366 m. Within this 13.6 cm
range of possible altitudes for the gauge zero, the gauge series fits well
between the two altimetry series, no altimetry point violates the null-
slope criteria either with the upstream or the downstream series.
According to this altitude of the gauge zero, the upstream slope is
2.34 cm/km and the downstream slope is 4.23 cm/km. The mean slope
between the two altimetry series is 2.97 cm/km. The altitude of the
gauge zero, linearly interpolated using thismean slope, is 4.172 m, 5 cm
lower than theminimumaltitude aforementioned. This small difference
between the altitude of the gauge zero defined by the altimetry series
and the altitude interpolated assuming a constant slope suggests that no
outlier in the altimetry series forces the in situ measure towards a
significantly erroneous altitude. Similar results are obtained at Barcelos,
labelled S2 in Fig. 11, on the Negro River. This gauge is bypassed on
either side by two tracks, track 779, 5 km downstream and track 278,
51 km upstream. The mean slope given by the two altimetry series in
this portion of the Negro River is 2.1 cm/km, giving an interpolated
altitude for the zero of the Barcelos gauge of 17.042 m. The minimum
altitudeof the gauge zero resulting fromthenull-slope constraint for the
downstream series is 17.345 m. The maximum altitude of the gauge
zero resulting from the same constraint for the upstream gauge is
17.401 m. The range of possible altitudes for the gauge zero allowed for
this station, namely 56 mm, is thus even more restricted than it was at
Jatuarana. The lower altitude threshold for the gauge zero is 30 cm
higher than the altitude interpolated assuming a constant slope
between the two altimetry series. An interpolated altitude of this sort
thusmeans that at least one point of the downstream series violates the
rule by 30 cm. Given that the river slope is not likely to change
significantly between the twoENVISAT tracks, it is likely that at least one
value in the upstream altimetry series is erroneous, 30 cm too low. The
third example, labelled S3 on Fig. 11 is at Manacapuru, on the Solimões
River. This gauge is bypassed on either side by tracks 149 and 564which
form a crossover 44 km downstream from the gauge and by track 693
that crosses the Solimões River 43 km upstream from the gauge. The
mean difference of altitude between the two altimetry series is 1.78 m,
making an average slope of 2.05 cm/km. In this case, it was not possible
to position the gauge series between the two altimetry series without
violating the null-slope rule. For the gauge series to fit between the
altimetry series, two points of the downstream series had to be
discarded and also one point from the upstream series (see Fig. 11). One
of the twopoints violating the rule showsanerrorofmore than4 m.This
point was left in the series as an example, but an outlier of this sort is
detected by simple visual inspection of the series. The other points show
anerror of about 1 mandwould bemoredifficult to detectwithout such
in-depth comparison. Once the three points violating the rule are
discarded, the altitude of the gauge zero for all points respecting the rule
is 5.98 m, while the altitude given by interpolating the mean slope
between the two altimetry series is 5.842 m, only 14 cm lower. In the
ERS-2 series, eleven points of the upstream series and seven from the
downstream series violate the rule. Among these points, several show
errors of several meters, one reaching more than 4 m. These series
clearly contain erroneous values and suggest that amuchmore rigorous
editing of the data should be performed for the ERS-2 series than for the
ENVISAT series. It should be noted that this area of junction between the
Solimões River and the Negro River is characterized by numerous
branches, islets, lakes andwetlands, and themaster points computed for
eachpassmay includewater bodies atdifferent levels. Thenext example
is atMaraã, labelled S4 in Fig. 1 andTable 1, on the JapuraRiver.Here, the
river is several kilometers wide but it is worth noting that the channel
width changes from 3 km at the crossing with the upstream series to
only 1.8 km at the crossing with the downstream series. The altimetry
tracks cross the river close to the gauge, respectively 5.2 km upstream
and 6.2 km downstream from the gauge. The altitude window for the
level-calibration of the gauge is only 0.47 m, and the mean slope is
4.12 cm/km. It was not possible to fit the gauge series between the two
altimetry series without points of the altimetry series violating the rule.
As far as ENVISAT is concerned, six points of the downstream series are
too high and nine points of the upstream series are too low. For ERS-2,
there are twelve points in the downstream series and nineteen points in
the upstream series, so that about 25% of the points are detected as
erroneous. Again, the improvement from ERS-2 to ENVISAT is clear. The
ENVISAT points violate the rule by ∼50 cm, which is roughly the
window of possible level calibration, while the ERS-2 points generally
violate the rule by one meter or more. The fifth example is at Seringal,
labelled S5 in Fig. 1 and Table 1, situated on the Purus River. It is worth
noting that for this station, the gauge series is highly likely to be wrong
in late 1995 by 2 m—that is by one stick of the gauge, resulting in large
apparent errors in the comparison with the altimetry series. Here, the
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Purus River is narrow, only ∼200 m wide. The distance between tracks
and the gauge is 15.5 km for thedownstreamseries and 43 km for to the
upstream series. The test thus entails more stringent requirements for
the downstream series than it does for the upstream series. The mean
height difference between the two series is about 3.5 m, giving an
average slope of 4.84 cm/km. Assuming that the slope is constant all
along the river segment falling between the two tracks, the altitude of
the gauge zero would be 65.920 m. According to this level calibration of
the gauge, two ENVISATpoints and only one ERS-2 point violate the rule
in the downstream series for bothmissions. The rule is met by all points
of the upstream series. The last example presented in this part of the
study is that of Óbidos, on the Amazon River. This gauge is bypassed by
tracks 349 and 306 that pass 4.5 km and 9.5 km downstream and
upstream from the gauge, respectively. The difference inmean values of
the two series is 21 cm and themean slope is 2.26 cm/km. Interpolating
altitudes at the gauge location using the mean slope of 2.26 cm/km
between the tracks gives an altitude of 4.018 m for the gauge zero. Using
this value to intercalate the gauge series between the altimetry series
shows that many points of the altimetry series do indeed violate the
rule. Further to this, the series of residuals present the characteristics of
not being randomly distributed but rather consistent through time,
alternating thepositive andnegative residuals at the sameperiods in the
hydrological cycle. In fact, the gauge is positioned on a turn of the river,
where the channel ismuchnarrower than it iswhere the tracks cross the
river. It is hypothesized that the apparent disagreement between the
gauge series on the one hand and the two altimetry series on the other
handmay be partly caused by hydrodynamic effects causing the flow to
rapidly change velocity, resulting in changes in slope and height of the
surface, in this part of the river.

This test is not a complete test of the quality of the altimetry series,
since error values that are too low in the downstream series and error
Fig. 9. Regression studies for tracks passing away from a station. The diagonal dotted line ind
the histograms of the residuals in the bottom right hand corner are the rms, in cm.
values that are too high in the upstream series cannot be detected. It
can be noted that the points detected as outliers in the Manacapuru
case also belong to the altimetry series used as the upstream series in
the Jatuarana case, and they were not detected as erroneous in the
latter case. This test indicates whether the altimetry series are
consistent or not one with the other in terms of flow line, which also
is important for using these series in hydro-dynamic models. Taken
altogether, less than 5% of the ENVISAT points and less than 20% of the
ERS-2 points violated the rule. In addition, some of these points
violating the rule by severalmeters are obvious outliers and they could
easily have been removed from the series or corrected, in particular in
the ERS-2 series, byway of an inspection of the series in the light of the
hydrological regimes of the rivers. Indeed, the altimetry series could be
corrected afterwards so that no point violates the rule, either by setting
the highest possible value, that is assuming the slope to be null at that
date, or by applying some additional rule such as the one provided by a
mean relationship obtained by fitting the two series using some
polynomial of desired degree. A procedure of this type would be
comparable to those used by water agencies to validate the in situ
series before they are officially published.

5. Conclusion

The water levels measured by radar altimetry and in situ gauges
are fundamentally different. Radar altimetry measures a weighted
mean of all reflecting bodies over a surface several square kilometres
in size while gauges pick up river stages at specific points. Given the
natural high variability of the water surface produced by the dynamics
of the flows, heights of the surface water bodies encompassed in the
footprint of the radar measurements may not equal the local water
levels recorded at a gauge. They may be equal in the specific case
icates perfect correlation, where the slope equals 1. The numbers in parentheses beside
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Fig. 10. Histogram of the rms found in the cases where tracks pass at a distance from a
gauge. Dotted line corresponds to T/P results by Birkett et al. (2002).
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where the satellite track runs right over the gauge and when the
water body sampled by the gauge is clearly the one dominating the
radar measurements. In the present study, we have attempted to
evaluate the quality of water level series derived from radar altimetry
using a variety of criteria. In particular, we present comparisons at
crossovers of satellite tracks that are independent of in situ readings.
From this study, it can be seen that the quality of the altimetry series is
highly variable. Series with errors of less than 20 cm are achievable
while others have large errors reaching into metres. Most of the
ENVISAT series that we have considered in the present study exhibit a
characteristic error below the 30 cm level. As far as ERS-2 is
concerned, the characteristic figure for the errors is significantly
higher, approximately 70 cm. The OSCAR project used the GDR orbits.
These orbits were poorly tracked (Scharroo & Visser, 1998) with rms
discrepancies at oceanic crossover larger than 15 cm (LeTraon & Ogor,
1998). It has already been mentioned that the ERS-2 data we used
were affected by a degree of constant bias. However as long as the
origin of the error is not fully understood, the possibility remains that
this error has some second order time-varying part that contributes to
the large rms values found for this dataset from the ERS-2 mission.
Reprocessing of the raw data of ERS-2 is currently being performed at
LEGOS, including processing with the Ice-1 algorithm and using new
orbits, but we suspect that additional investigations with new
tracking algorithms could further improve this dataset for specific
use on stages of continental waters. Birkett et al. (2002) presented a
list of 34 Topex/Poseidon times series in the Amazon basin. The
statistics of the rms discrepancy with gauges are reported in Fig. 10.
For these series, the proportion of 70% is reached at 110 cm, a value
even larger than that for ERS-2. However, it is worth noting that
Birkett et al. (2002) used the GDRs Ocean ranges. Zhang (2009)
retracked the Topex/Poseidon waveforms with a threshold algorithm.
This technique proved to be efficient in detecting the water bodies in
the Amazon basin but no quantitative evaluation of the difference



Fig. 11. Upper panels: time series for both readings and the altimetry tracks, that bypass the station. The lower panels show the residuals between the altimetry series and the
readings (readings are thus marked as the horizontal line intersecting the vertical axes at 0).
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between the gauges and the series is provided in their study. The
conjunction of the use of better performing algorithms, namely Ice-1
and Ice-2, refined data selection and specific corrections presented in
this study is clearly an improvement from such previous study. Also,
Birkett et al. (2002) stated that river reach had to be larger than 1 km. In
thepresent study, thewidth of the river reachdoesnot appear as a factor
strongly affecting the quality of the series. Taking advantage of the off-
nadir effect, high quality series can be collected on very narrow reaches.

Data selection appears as a key factor in the final quality of the series,
making the use of a 3D visualisation tool such as the VALS software
mandatory, unless unambiguous criteria are found to edit the data
automatically. The latter point is currently under development. Erroneous
selection of data polluted by non-water reflectors occur mostly at
intermediate water stages, both the lowest and highest water stages
being well sampled in most series. This is probably a consequence of
the visual inspection of the data using the VALS software, making it
possible to very easily detect the outliers in the height profiles at lowest
and highest water stages. This drawback will be corrected in future
versions of the software through a pass-by-pass analysis capability.When
outliers are removed cautiously, the Ice-1 and Ice-2 perform quite
similarly. It can be noted that no significant height bias was found be-
tween the two trackers.

Time sampling is one of the main limitations of satellite altimetry
in retrieving water stages. A strict elimination of errors only mar-
ginally worsens the time sampling, while some passes are completely
discarded. In most cases, the actual sampling is nevertheless 90%
of the total sampling. In all the series presented in this study, the
dominant hydrological cycles, ranging from the inter-annual to
seasonal, are well reproduced and the ability of the technique to
provide valuable information on these time scales is evidenced. For
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shorter time scales, the series need to be checked using for example
one of the methods proposed in this study, e.g. comparison between
tracks at crossovers or the agreement with basic rules such as the
zero-slope rule. Finally, the information provided in the satellite
altimetry data includes a level-calibration of the gauge. The altitudes
of the gauge zeros that are proposed in Table 4 for the gauges that are
directly over-flown by a track have few uncertainties. The level-
calibration of gauges in relation to the readings between two
altimetry series is another application of altimetry that is presented
in this study. Altitudes of gauge zeros adjusted in this way are shown
in Table 6. This calibration of gauges between upstream and
downstream track information also enables the determination of
surface slope in the channel. Large scale slope values by satellite
altimetry have already been proposed along the Amazon River and
some tributaries in various studies (Birkett et al., 2002; Frappart et al.,
2005; Lefavour & Alsdorf, 2005) but no local slopes are published to
date, in particular on the Purus River (Seringal) or the Japurá River
(Maraã). The local slope values along the Solimões–Amazon River
reach at Manacapuru, Jatuarana and Óbidos fall well within the large
scale values previously proposed by Guskowska et al. (1990) or by
Mertes et al. (1996). The value at Manacapuru is identical to that of
19±17 mm/km proposed by Lefavour and Alsdorf (2005). More
important, slope changes throughout the rise and fall cycle can be
evidenced. This is particularly visible in the case of Barcelos with
ENVISAT track 278 (Fig. 11). The difference in signal has an annual
period with minimum values reached at high waters. In terms of
hydrodynamic modelling of the river flows, information of this type
constitutes a dramatic improvement in comparison to the absence of
any information on absolute slope changes delivered by the in situ
readings. It is worth noting that in such a case, the value of the rms
discrepancy between the altimetry series and the gauge reading
includes this signal. For example, fitting the residuals by a sinusoid to
take into account the change in slope reduces the rms of the ENVISAT
series for the Ice-1 tracker — from 56 cm to 26 cm.
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