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Summary The objective of this study is to derive the stage–discharge relationship for 21 ‘‘vir-
tual gauge stations’’ located at the upper Negro River (Amazon Basin, Brazil). A virtual station can
be defined as any crossing of water body surface (i.e., large rivers) by radar altimeter satellite
tracks. Rating curve parameters are estimated by fitting with a power law the temporal series
of water surface altitude derived from satellite measurements and the discharge. Discharges
are calculated using ProGUM, a flow routing model based on the Muskingum–Cunge (M–C)
approach considering a diffusion-cum-dynamic wave propagation [Leon, J.G., Bonnet, M.P., Cau-
hope, M., Calmant, S., Seyler, F., submitted for publication. Distributed water flow estimates of
the upper Negro River using a Muskingum–Cunge routing model based on altimetric spatial data.
J. Hydrol.]. Among these parameters is the height of effective zero flow. Measured from the
WGS84 ellipsoid used as reference, it is shown that the height of effective zero flow is a good proxy
of the mean water depth from which bottom slope of the reaches can be computed and Manning
roughness coefficients can be evaluated. Mean absolute difference lower than 1.1 m between
estimated equivalent water depth and measured water depth indicates the good reliability of
the method employed. We computed the free surface water slope from ENVISAT altimetry data
for dry and rainy seasons. These profiles are in good agreement with the bottom profile derived
from the aforementioned water depths. Also, the corresponding Manning coefficients are consis-
tentwith the admitted ranges for natural channelswith importantflows (superficialwidth >30.5 m
[Chow, V.T., 1959. Open Channel Hydraulics. McGraw-Hill, New York]) and irregular section.
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Introduction

Monitoring of the temporal variations of the river water lev-
els is classically made using in situ recordings. Level varia-
tions can be expressed in terms of discharges using
calibrated relationships referred to as rating curves. How-
ever, most large river basins in the world, e.g., the Amazon
Basin in South America, cover areas of difficult access. This
is a major hindrance to the installation of operational net-
works of hydrological in situ stations. Radar altimetry is
an interesting alternative to recording the periodic mea-
surements of water level variations in the continental envi-
ronment even in these remote places. The ability of radar
altimeters to monitor continental water surfaces and mea-
sure their stage elevation has been demonstrated over in-
land waters (Birkett, 1995; Cazenave et al., 1997).
However, due to the size of the footprint, it is mainly appli-
cable to large water bodies, particularly the survey of level
fluctuations in lakes, large rivers or flood plains.

Leon et al. (submitted for publication) have proposed a
bibliographic review of the recent use of radar altimetry
over continental water bodies (continental seas, then lakes
and large rivers). Normally, land water investigators have to
deal with dataset primarily collected and processed for
other scientific targets, namely heights collected for either
oceans (T/P, Jason, GFO, part of ERS 1 and 2 and ENVISAT)
or ice caps (ERS 1 and 2, ENVISAT, ICEsat). Thus, T/P mea-
surements have been found to present an overall uncer-
tainty over continental waters of a couple of decimeters
(Birkett et al., 2002), Nevertheless, a better accuracy (of
the order of a decimeter) have been found on the same con-
tinental water bodies with the ICE1 retracked ENVISAT data,
which are used in this study (Frappart et al., 2006).

In hydrology, data obtained from satellites and other re-
mote sources support broad and potentially frequent global
coverage of river discharge estimates (Barrett, 1998). Thus,
a method based on remotely sensed data to estimate river
discharge would provide a means to maintain or even in-
crease the global streamflow monitoring network. This
could prove cost-effective in the long term to obtain the re-
quired river discharge data on a global scale. For example,
Jasinski et al. (2001) used river stage data from TOPEX/
Poseidon satellite altimetry data to assess discharge ratings
in several locations of the Amazon basin by comparing
altimetry data with stage and discharge measured at the
existing gaging stations. The accuracy of ratings varied
depending on distance between altimetry observation and
ground-measured discharge, and on topography and the riv-
er width. This study demonstrated the feasibility of satellite
altimetry for getting remote river stage information. How-
ever, ground-based discharge data were required to develop
the rating, and the derived ratings could not be extrapo-
lated to other rivers or reaches of the Amazon.

On the other hand, in the case of a large river for example,
with a measured discharge record available, even some dis-
tance away, this information can be used as an indication of
the local hydraulic conditions associatedwith aparticular dis-
charge. The simplest way to do this would be to compile the
relationships between local stages and remote discharges.
This approach would be adequate under reasonably steady
flow conditions but quite inaccurate for highly variable flows
with short duration events, as in many South African rivers,
where the distance between the measured discharge and
the required stage is large (Birkhead and James, 1998).

Under these conditions the relationship between local
stage and local discharge is sought. Establishing this rela-
tionship requires accounting for the lag and attenuation of
discharge between local and remote sites. Discharges at lo-
cal and remote sites can be related using a variety of flood
routing procedures ranging in simplicity from Muskingum or
M–C models to solution of the full dynamic flow (Saint–Ve-
nant) equations. Expressing the local stage–discharge rela-
tionship as a simple mathematical function, from remote
discharge estimated by flow routing model and local stage
from radar altimeter, enables the local flow conditions to
be expressed in terms of stage or vice versa.

The M–C method has been used in different studies (Bor-
oughs and Zagona, 2002; Johnson and Miller, 1997; Merkel,
1999; Richey et al., 1989) for discharge estimation. Leon
et al. (submitted for publication) have estimated the out-
flows at some virtual gauge stations (places where footprint
of radar satellites cross-cut the river channel or the flood
plain) for some watersheds of the upper Negro River main
channel and tributaries using ProGUM, a M–C flow routing
model with diffusion-cum-dynamic wave propagation
assumption; in situ discharges and radar altimetry data. In
this study, the calibration phase led to differences less than
4% between measured and estimated outflows and valida-
tion has given errors less than 10%.

In this paper, it is shown that mean reach depths can be
derived from the parameters of the power law establishing
the rating curve between water stages from satellite altime-
try and discharges estimated by flow routing. First, in situ and
altimetry available data are discussed. Then, the method
already reported in Leon et al. (submitted for publication)
for predicting remote discharges at virtual stations based
on the M–C flow routing model approach and in situ data
using PROGUM is reviewed. Also discussed is the method to
select and retrieve altimeter water levels fromTOPEX/Posei-
don and ENVISAT over the upper Negro River in the Brazilian
Amazon basin. Finally, the method developed in this study to
establish stage–discharge relationships between satellite-
derived water level and river discharge at 21 virtual stations
in the Upper Negro Basin is presented. Expressed as a power
law, these relationships allow us to estimate the base of the
equivalent wet section depth of the river, referred to here as
the average water depth. The resulting slope has been
compared with the water free surface slope derived from
ENVISAT measurements. The same method has been applied
to in situ water level measurements. The resulting average
water depth at virtual and in situ stations is compared with
mean depth obtained from acoustic Doppler current profiler
(ADCP) measurements conducted in May 2005.

Material and methods

The Negro River system

Because of his huge discharges, Amazon River is the most
important continental water source in the world. Draining
an area of 6.7 million km2 the Amazon Basin contributes
about 15–20% of all liquid fresh water transported to the



Table 1 Principal characteristics of Negro River

Negro Basin

Area 715,000 km2

Mean annual temperature 26 �C
Annual rainfall 3000–4000 mm
Soil moisture regime Udic to Perudic
Rainfall peak period April–June
Discharge Ranges 4200–50,000 m3/s

Soil Survey Staff (1975, 1990), Dubroeucq and Volkoff (1998) and
Guyot (1993).
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oceans (Richey et al., 1989; Coe et al., 2002). Negro River,
Solimoes River and Madeira River are the three main tribu-
taries of the Amazon.

Negro River Basin extends from 3�14 0S to 5�8 0N latitude
and from 72�57 0W to 58�16 0W longitude. The basin drains
approximately 10% of the Amazon Basin from its source at
the confluence of the Guainia River (Colombia border) and
Casiquiare River (Venezuela border) to the confluence with
Solimoes River, a few kilometres before Manaus (Brasil). Ta-
ble 1 summarizes the main characteristics of the Negro
Basin.
Table 2 Main characteristics of hydrologic stations studied

Station name River Longitude Latitude

Cucui Negro River �66.8597 1.2155
Sao Felipe Negro River �67.3218 0.3727
Curicuriari (from Sao Felipe) Negro River �66.8115 �0.1921
Curicuriari (from Taraqua) Negro River �66.8115 �0.1921
Serrinha Negro River �64.8108 �0.4876

Curicuriari
Uaracu �69.1388 0.4892
Taraqua Uaupes River �68.5534 0.1349

Figure 1 Negro River Basin. The Negro River and the subwatershed
stations in the basin. In grey are the subwatersheds considered in t
Negro River level and discharge data

In situ gauge station data
For the purpose of this study, the subwatersheds based on
in situ gauges are shown in Fig. 1. Four stations are located
along the Negro River main stream (Cucui, Sao Felipe, Cur-
icuriari and Serrinha) accounting for a total length of
509 km; two lies in the Uaupes River (Uaracu and Taraqua)
representing 387 km. Uaupes River is the main gauged trib-
utary of the upper Negro River. Table 2 summarizes the Ne-
gro River main stream features discharges at these six
gauged stations and their principal characteristics.

Daily measurements of the river water stage started some
time between 1977 and 1982. These records, along with peri-
odical measurements of cross-sectional area, water surface
width, flow velocity, bed channel depth are available at the
ANA (Brazilian Water National Agency) website (http://
hidroweb.ana.gov.br/). These measurements have been
made by ANA with conventional measurements methods
such as reels currentmeter method for discharge. More infor-
mation acquired during several field campaign from 1995 to
now has been found at the HYBAM web site (http://
www.mpl.ird.fr/hybam/campagnes/campagnes.htm). The
discharge measurements retrieved from this site were
acquired by ADCP measurements. ADCP profiles are meant
Measurement
period

Discharge (m3/s) Drained
area (km2)

Upstream
station

1980–2204 400–10,500 70,400 –
1977–2004 1200–15,500 119,200 Cucui
1977–2004 2500–24,000 132,000 Sao Felipe
1977–2004 2500–24,000 132,000 Taraqua
1977–2004 5000–30,000 283,000

1977–2004 80–6000 38,700 –
1977–2004 250–6500 42,000 Uaracu

delineation. Black points show the position of the hydrological
his study.

http://hidroweb.ana.gov.br/
http://hidroweb.ana.gov.br/
http://www.mpl.ird.fr/hybam/campagnes/campagnes.htm
http://www.mpl.ird.fr/hybam/campagnes/campagnes.htm
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to retrieve both discharge and flow velocity in unit cells dis-
tributed along verticals every time step (1–3 s in most
cases). The computed discharge is the sum of discharge
per cell unit and the profile geometry is another possible out-
put of the ADCP software TRANSECT.

Data acquired during a field campaign in May 2005
A field campaign took place in May 2005 and allowed to ac-
quire in situ data, in particular ADCP measurements, in order
to assess the quality of the altimeter derived measurements.
To perform these measurements on the modelled part of Rio
Negro, our team used three light motor boats to follow up
the Negro River to Cucui and the Uaupes River to Taraqua,
and back to Sao Gabriel da Cachoeira, which lies downstream
the confluence Negro–Uaupes in the middle of a succession
of rapids and water falls several kilometres long. Down-
stream of Sao Gabriel, a medium-sized boat has been used
to follow down the Rio Negro to Manaus, performing ADCP
profiles at the in situ stations and at the locations of each sa-
tellite track crossing. Measurements description and loca-
tions can be found at http://www.mpl.ird.fr/hybam/
campagnes/campagnes.htm.

Satellite altimetry data
Satellite altimetry relies on: radar altimetry and orbitogra-
phy. Radar altimetry measures the distance between satel-
lite and instantaneous water surface. Orbitography provides
satellite altitude relative to a reference ellipsoid. The dif-
ference between both distances is the instantaneous water
level height relative to the reference ellipsoid. Placed into a
repeat orbit, the satellite altimeter overflies a given region
at regular time intervals, normally called the repeat cycle,
and with a ground track footprint that varies depending on
satellite characteristics. In this study, two satellite data
sources have been selected, i.e., TOPEX/Poseidon and
ENVISAT missions.

Corrections applied to these measurements include iono-
spheric refraction, dry tropospheric refraction, wet tropo-
spheric refraction, solid earth and pole tides (Renellys
et al., 2005). Corrections specific to open ocean environ-
ments such as ocean tide, ocean tide loading, inverted
barometer effect and sea state bias have been disregarded.

TOPEX/Poseidon altimeter data
The NASA/CNES TOPEX/Poseidon (T/P) satellite was
launched in August 1992 on a 66� inclined orbit at 1336 km
altitude with a 10 days repeat cycle is. Its ground track
spacing is 315 km in equatorial regions. The T/P altimeter
data were extracted from the Geophysical Data Records
(GDR-Ms) available at the Archiving Validation and Interpre-
tation of Satellite Data in Oceanography (AVISO) data center
in the French Centre National d’Etudes Spatiales (CNES)
(AVISO, 1996). The data collected consisted of range values
from radar echoes at 1/10 s and averaged values at 1 s inter-
val, corresponding to an along-track ground spacing of
596 m and 5.96 km, respectively.

On September 2002 T/P moved to a new orbit midway
between its original ground tracks. The former T/P ground
tracks are now overflown by Jason-1. Thus, 354 cycles of re-
corded data are available for the original orbit and approx-
imately 60 cycles of data for the new orbit. In this study,
only the 354 cycles of the original orbit have been retained,
corresponding to a period from December 1992 to July 2002.
The region studied is overflown by the tracks 89, 178 and
245. Altimetric measurements were referenced over
WGS84 ellipsoid.

ENVISAT altimetry data
The ENVISAT satellite is the continuity of European Space
Agency (ESA) ERS-1 and ERS-2 satellites. ENVISAT carries
10 complementary instruments – including a radar altime-
ter – to observe such parameters as sea surface topogra-
phy, high-resolution gaseous emissions, orbitography and
the precise tracking system Doris.

Launched in March 2002, ENVISAT has a 35-day repeat
cycle and provides observations along its entire ground
track over the ocean and continental surfaces, from
82.4� North to 82.4� South. The ENVISAT equatorial ground
track spacing is about 85 km and its swath width is a few
kilometres only. The ENVISAT altimetry data were down-
loaded from ESA ftp site. Data consist of range values from
radar echoes at 1/20 s and averaged values at 1 s interval,
corresponding to an along-track ground spacing of 370 m
and 7.4 km, respectively. Four range values are calculated
by four different tracking algorithms. Reference ellipsoid is
WGS 84.

In this study, we used data from cycles 10 to 31, corre-
sponding to a period from November 2002 to October
2004. The area of study is cross-cut by tracks 35, 78, 121,
407, 450, 493, 536, 579, 622, 908, 951 and 994.

River water stage from altimetry data selection
Over continents, radar echoes are affected by topography,
vegetation, ice and snow cover. Indeed, a mountainous
topography may cause the altimeter to lock off and it may
take some time before it locks on again. In this case and
with narrow rivers the instrument may fail to deliver reli-
able measurements. Also, the instrument may remain
locked on water while the satellite is well ahead of the
water body, since the reflected signal on water has more
power than the reflected signal on land. This may cause a
geometric error likely to reach several meters in some re-
gions (Frappart et al., 2006).

As a result, the waveform (i.e., the power distribution
over time of the radar echo) may not have the simple
broad-peaked shape typical of ocean surfaces, but can be
complex and multi-peaked (Berry, 2003; Birkett, 1998).
The existing T/P and ENVISAT ocean retracking algorithms,
the only one for T/P and one of four (OCEAN, ICE1, ICE2,
SEAICE) for ENVISAT, are not designed to process these sig-
nals. This affects the precision in the determination of the
altimetric height. Frappart et al. (2006) have shown that
the tracker ICE1 was best suited to retrieve the ellipsoid
height of continental water bodies.

To minimise potential contamination of the T/P and
ENVISAT signal by land reflection, while securing an ade-
quate number of altimeter measurements on water, we per-
formed a geographical selection of data. We used JERS
mosaic images of dry season from September to December
1995 and wet seasons from March to April 1996. Based on
this mosaic, the most appropriate satellite tracks–river
intersections could be selected with a high spatial resolu-
tion. Fig. 2 shows an example of data selected to define
the so-called virtual stations.

http://www.mpl.ird.fr/hybam/campagnes/campagnes.htm
http://www.mpl.ird.fr/hybam/campagnes/campagnes.htm


Figure 2 Virtual stations. Virtual stations selection data based on JERS image ENVISAT and T/P level measurements. The zone
showed is located between Curicuriari and Serrinha in situ stations in dry season.
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The width of the upper Negro River changes seasonally
from 1 to 3 km in the main channel and over 8 km in flood-
plains depending on the phase of the hydrological regime
and the geographic position. To arrive at consistent mea-
surements in various phases of the water regime, we se-
lected only those parts of the T/P and ENVISAT ground
tracks that cover the main channel of the river system
(Fig. 2). This stringent selection relied on the 1/10 s level
measurements for T/P and 1/20 s for ENVISAT.

Despite the careful data selection as described above,
altimetric water levels constitute data sets with numerous
outliers. Frappart et al. (2006) have shown that the median
of measurements for each pass is a better estimate of the
water stage than the mean. This strategy has been followed
in this study. Finally, unrealistic median values were last
eliminated by visual comparison between water level and
discharge time series for a given virtual station.

Modelled discharge data at virtual stations
Discharges at virtual stations were estimated using ProGUM,
a M–C flow routing model with diffusion-cum-dynamic wave
propagation assumption and in situ discharges (Leon et al.,
submitted for publication).

Flow routing models are normally used to estimate dis-
charges in a section of the channel from a known hydro-
graph located at the upstream end (inflow hydrograph)
and the physical characteristics of the reach.

In the M–C flow routing model (Cunge, 1969), that is an
improvement of the classical Muskingum model, the well-
known routing parameters X and K are derived from mea-
sured hydraulic data, especially, the rating curve, channel
slope, channel width, wave velocity, reach length and flow
discharge data (Ponce et al., 1996). M–C method avoids the
calibration step required in the Muskingum method. In addi-
tion, the representation of diffusive waves can be imple-
mented when lateral flows are considered in the M–C
algorithm (Ponce, 1986). Although M–C addresses only
channel flows, considering lateral flows that can be positive
or negative allows dealing globally with floodplain tempo-
rary storage and outflow, which are included into the lateral
flows along with the localized rain input, and groundwater
in- and outflows.

Leon et al. (submitted for publication) have developed,
tested and validated the ProGUM model over the upper Ne-
gro River mainstream. The primary aim of that study was to
estimate the discharges at different virtual stations of inter-
est in the Negro River main stream. Discharges at virtual
stations shown in Fig. 2 were estimated using in situ mea-
surements from local stations. ProGUM model is extensively
described in Leon et al. (submitted for publication). The
model has supported discharge estimates with an error less
than 10%, relative to measured discharges.

Rating curve and water depth estimation

Stage–discharge relationship or rating curve for gaging sta-
tions is developed using a set of discharge measurements
and corresponding water level.

The relationship between stage and discharge is gov-
erned by a unique set or a combination of physical elements
occurring downstream from the station, named controls. As
outlined by Rantz et al. (1982), these controls may be clas-
sified into two groups, section control and channel control.
Section control occurs when the geometry of a single cross-
section located a short distance downstream from the gage
is such that it constricts the channel, or when a downward
break in bed slope occurs at the cross-section. Channel con-
trol occurs when the geometry and roughness of a long
reach of channel downstream from the gaging station are
the elements that govern the relationship between stage
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and discharge. The length of reach that effectively governs
the stage–discharge relation depends on the stream gradi-
ent, the lower the stream gradient, the longer the reach
of channel control, and with respect to discharge, the larger
the discharge, the longer the reach of channel control.

In natural river systems, a complete control governing
the stage–discharge relationship throughout the entire
range of stage experienced at the gaging station hardly ever
exits. More commonly, the stage–discharge relationship for
the gaging station results from a compound control or par-
tial controls acting together.

Finally, at some gaging stations it may be difficult to re-
trieve a single equation describing the water stage–dis-
charge relationship over the entire range of water stages
experienced in the reach. A common approach is to build
the stage–discharge relationship with the help of several
segments only valid for a given range of stages.

In addition, some gaging stations may be influenced by
variable backwater effects. These effects are normally
caused by changes at downstream cross-sections. For
example, the stations located a short distance upstream
from a confluence in a flat region. The stage at the gaging
station then depends on the stage at the confluence. In
such a location, and under uniformly progressive wave
flood conditions, a loop rating may be produced at the
gaging station (Rantz et al., 1982): for a given stage,
the discharge is greater when the stream is rising rather
than falling. For these gaging stations, the rating requires
the use of a slope, as well as stage, in relation with
discharge.

These loop ratings have not been evidenced in any in situ
stations used, and thus, most virtual stations located be-
tween these in situ stations are not likely to present loop
rating. On the other hand, compound control of the gaging
stations is likely to occur in some of the stations as is a com-
mon feature in natural river systems.
Rating curve
In order to model the stage–discharge relationship by a sim-
ple mathematical function, the Manning equation can be ex-
pressed as a power law, based on the continuity equation.
Indeed, this equation can be modified to express the dis-
charge of a channel control as follows:

Q ¼ 1

n
AR2=3S1=2; ð1Þ

where Q is the discharge, n the roughness coefficient, A the
cross-sectional area, R the hydraulic radius and S the fric-
tion slope.

In a natural channel of irregular shape it is possible to
assume that at the higher stages the roughness coefficient
is a constant and that the friction slope tends to become
constant (Chow et al., 1988). Approximating A = D Æ W
(where D is the average depth and W the width of the
cross-section), and expressing S1/2/n as a constant a, we
get:

Q � aDWR2=3. ð2Þ

If the hydraulic radius is considered equal to D, and W is
considered a constant, the equation becomes (Rantz
et al., 1982):
Q � aD1:67 � aðH � zÞ1:67. ð3Þ

In which (H � z) stands for the water depth of the channel
control, H the water stage level of the water surface and
z the base of a rectangular-shaped section or the stage
height of effective zero flow for a channel control or a sec-
tion control of irregular shape. The gage level of effective
zero flow is practically never reached but is actually a math-
ematical constant that is considered as a stage level to pre-
serve the concept of a logarithmically linear head–
discharge relationship.

In Eq. (3), Rantz et al. (1982) show that unless the stream
is exceptionally wide, R is significantly smaller than D. This
reduces the exponent in the equation although it may be
offset by an increase of S or W with discharge. Changes in
roughness with stage will also impact the exponent value.
These factors allow us to express the discharge as follows:

Q t ¼ aðH � zÞbt . ð4Þ

In which Qt is the discharge and (H � z)t stands for the
water depth of the control section at time t. Typically,
a and b coefficients are specific to a channel cross-sec-
tion. They can be related to the physical characteristics
of the river. a is a scaling factor that encompasses the
section width, the local bottom slope and Manning coeffi-
cient. b includes the geometry of the river banks, in par-
ticular the departure from vertical banks and generally an
indicator of the type of control acting on the stage–dis-
charge relation. A value of b less than 2 indicates a chan-
nel control and greater than 2 a section control (Rantz
et al., 1982).

However, the water level data measured from space by
radar altimeter refer to the ellipsoid of reference, in our
case the WGS84 ellipsoid, and not to the bed of the channel.
Thus, H in Eq. (4) is the water level given by the altimeter
radar and z the elevation from the ellipsoid to the effective
zero flow at time t. A rating equation such as Eq. (4) is
developed for a particular river channel or cross-section
and would not be expected to be applicable to any other
river location. This is because the change in depth is used
as an index corresponding to a change in width and velocity,
and is specific to the channel characteristics of the reach
being measured (Bjerklie et al., 2003).

Taking Q and h as known measured values, one has to ar-
rive at the value of z that allows the water depth to be esti-
mated from the zero flow of the channel at time t and the
corresponding a and b coefficients. Rantz et al. (1982) rely
on successive approximations to determine the effective
zero flow based on the logarithmic rating-curve representa-
tion. However, for discharges in excess of 1000 m3/s, this
methodology fails to estimate the value z that preserves
the concept of a logarithmically linear stage–discharge
relationship.

To determine the effective zero flow for any range of dis-
charges, a methodology has been developed, consisting in
the minimization of root mean square error (RMSE) between
the modeled or measured discharge and the rated dis-
charge. The RMSE can be expressed as follows:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðQmes � Q calcÞ2

n

s
; ð5Þ
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where Qmes is the measured flow in the gauge case or the
modeled discharge in the virtual gauge case, Qcalc is the
rated flow and n the number of measurements considered.

Power law turns to a linear relationship in the logarith-
mic domain. Then, for a given z, the a and b coefficients
are estimated by a linear regression through the (ln(Q),
ln (H � z)) set. Exploring the range of possible values of z al-
lows the function RMSE(z) = f(z) to be built up. The entire
range of possible z values has been explored by increments
of 0.01 m. The value of z representing the effective zero
flow altitude is such as

ofðzÞ
oz
¼ 0. ð6Þ

The method was first applied at four gauge stations: Cucui,
Sao Felipe, Curicuriari and Serrinha. The in situ dataset con-
sists of water level, measured discharge and depth. It is
worth noting that these depth measurements were all single
points. They do not take into account depth variation across
the section. Also, ADCP profiles have been collected at
these stations during the field campaign in May 2005. Then,
we searched for average depth at all virtual stations, com-
paring next to the ADCP profiles taken during the field cam-
paign. Furthermore, a and b are evaluated for each site. As
discussed above, these coefficients relate to section geom-
etry. Their values determined through use of the power law
fitting procedure are discussed in terms of river width and
compared to widths for the dry and wet season measured
on JERS mosaic images.
Slopes
Slope of river bed, as well as free surface slopes, have been
calculated from interpolated altitude measurements, refer-
enced to GCM02 geoı̈d model (Tapley et al., 2005).
Figure 3 Virtual stations. Position of virtual stations between Cuc
Curicuriari for the Uaupes River main stream.
Results and discussion

Virtual stations over the Negro River main stream

Virtual stations are shown in Fig. 3. They correspond to the
intersection of either T/P or ENVISAT crossings with Negro
and Uaupes rivers.

Over the Negro River mainstream we defined 14 virtual
stations. Three rely on T/P and 11 on ENVISAT. For the Uau-
pes River, one T/P and six ENVISAT virtual stations were also
defined. The main characteristics of each station are sum-
marized in Table 3.

Water stage and discharge estimations

Station T89_22 (Fig. 4b) is an example of water stages ob-
tained from the processing of T/P data. Height variations
are typical of the equatorial regime with a bimodal flood
peak. On the contrary, the water level time series of
T407_1 virtual station is an example of unimodal tropical re-
gime (Fig. 4f). ENVISAT track 536 cross-cuts the Upper Rio
Negro right at the Sao Felipe station. This gives us an oppor-
tunity to assess the quality of the time series of altimetry-
derived water stages by straightforward comparison – i.e.,
without flow routing – with in situ readings. Both series of
water in situ measured stage and altimetric height are
displayed in Fig. 5. The RMS discrepancy between both –
unbiased – series is 12 cm. This time series also highlights
irregular features of flood events. It is worth pointing out
that we decided to test our methodology on a more variable
discharge regime than most of studies estimating discharges
for Amazon basin (the main stem of the Amazon).

Discharges at the different T/P virtual stations were cal-
culated by means of a M–C model described in Leon et al.
ui and Serrinha for the Negro River main stream and Uaracu et



Table 3 Principal characteristics of the virtual stations

Station River Latitude/longitude Type of data Dry/wet season
cross-section
width (km)

Discharge
measured by
ADCP in
05/2005
(m3/s)

Average water
depth by ADCP
in 05/2005 (m)

Upstream In situ
station distance
(km)

T493_1 Negro 0.87/�66.89 ENVISAT 1.72/2.23 7071 8.23 Cucui (47)
T89_22 Negro 0.91/�67.00 T/P 1.4/2.08 7071 8.40 Cucui (60)
T536_1 Negro 0.92/�67.19 ENVISAT 0.76/1.29 7623 10.18 Cucui (85)
T536_2 Negro 0.72/�67.23 ENVISAT 1.02/1.98 8582 11.43 Cucui (113)
T536_3 Negro 0.60/�67.26 ENVISAT 0.98/2.19 8647 9.32 Cucui (128)
T536_4 Negro 0.37/�67.31 ENVISAT 1.06/2.19 11,625 12.24 Sao Felipe (0)
T89_26 Negro 0.09/�67.29 T/P 0.8/0.84 12,524 11.95 Sao Felipe (33)
T994_1 Negro �0.23/�66.73 ENVISAT 1.12/1.52 18,590 12.92 Curicuriari (10.6)
T493_2 Negro �0.33/�66.62 ENVISAT 2.16/2.48 18,569 11.49 Curicuriari (26.5)
T450_1 Negro �0.32/�66.03 ENVISAT 3.65/3.65 20,361 7.58 Curicuriari (100)
T951_1 Negro �0.31/�65.91 ENVISAT 1.81/2.06 20,445 11.10 Curicuriari (114)
T254_22 Negro �0.24/�65.81 T/P 2.72/7.70 21,841 11.48 Curicuriari (126)
T908_1 Negro �0.37/�65.32 ENVISAT 2.91/2.91 22,388 12.44 Curicuriari (188)
T407_1 Negro �0.41/�65.15 ENVISAT 2.44/2.44 23,460 11.78 Curicuriari (207)
T121_1 Uaupes 0.43/�68.94 ENVISAT 0.8/1.29 No data No data Uaracu (50.3)
T178_7 Uaupes 0.43/�68.89 T/P 0.98/0.98 No data No data Uaracu (57)
T622_1 Uaupes 0.35/�68.75 ENVISAT 1.06/1.69 No data No data Uaracu (80.4)
T579_1 Uaupes 0.12/�68.16 ENVISAT 1.21/2.64 4850 5.48 Taracua (60)
T78_1 Uaupes 0.11/�68.09 ENVISAT 1.42/1.42 4791 6.13 Taraqua (69)
T35_1 Uaupes 0.11/�67.45 ENVISAT 0.89/1.41 5190 8.98 Taraqua (160)
T536_5 Uaupes 0.09/�67.36 ENVISAT 1.02/1.34 5204 10.6 Taraqua (168)
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(submitted for publication) and the example of the discharge
time series for Virtual Station T89_22 is shown in Fig. 4a. In
these examples, discharge variations are clearly related to
water levels variations. Despite the short measurements
period for ENVISAT, the annual cycle of water levels is also
clearly monitored, and discharge is correctly simulated by
the model (Fig. 4a–d). Similar results have been obtained
for all stations. Rating curves have been computed according
to the methodology described above for all stations.

Rating curve and water depth estimation

Before estimating rating curves and water depth at each vir-
tual station, we tested the method at four different in situ
gauged stations: Cucui, Sao Felipe, Curicuriari and Serrinha.
Similarly, we also validated the ADCP measurements at
these stations in May 2005. The water stage given by the
three methods, single-point measurement (GWD), average
depth along the ADCP profile (MWD), and reference depth
for the rating curve (EWD) are reported in Table 4. It is
worth noting that all stages in Table 4 are related to the
same discharge as measured by ADCP in May 2005. In Table
4, D1 stands for the difference between GWD and MWD.
That D1 is not zero highlights the variability of in situ esti-
mates for the reach depth, that can exceed 20%. For all sta-
tions, D2, that stands for the difference between GWD and
MWD, is of the same order of magnitude as D1, and even
smaller than D1 in three cases. The mean absolute differ-
ence between ADCP measured water depth and estimated
zero flow water depth at these four stations is 68 cm, i.e.,
6% of mean depth.
Table 5 lists the results of the computed rating curve at
the 21 virtual stations taken into account in this study.

Reliability assessment of the rating curves
parameters

Correlation coefficients for all rating curves are adequate
for the ENVISAT virtual stations (Fig. 6). On the other hand,
correlation coefficients found for the T/P virtual stations
are below 0.8, thus pointing to a higher dispersion of the
altimeter data (Fig. 6c and e). T/P data are known to be
more scattered than ENVISAT ones over rivers (Frappart
et al., 2006) since the T/P ranges are estimated only with
an ‘‘ocean-like’’ tracker when the best performing tracker,
e.g., ICE-1 (Bamber, 1994), could be selected among four
for the ENVISAT ranges. As a result, the T/P altimetric data
scattering turns the rating-curve difficult to adjust and this
directly affects a and b coefficients and the reliability of
estimated effective zero flow.

With the exception of station T89_26, all b values re-
ported in Table 5 are below 2 indicating that the stage–dis-
charge relationships are mostly channel-controlled at the
studied virtual stations. As mentioned above, channel con-
trol is expected in a portion of the river where the geometry
and roughness of a long reach of channel downstream from
the gaging station are the elements that govern the rela-
tionship between stage and discharge.

Stations T89_26 yields a value of b greater than 2 indicat-
ing a stage to discharge relationship governed by a close
downstream section. As reported in Fig. 3, this station is sit-
uated at Uaupes River and Negro River confluence. In this



Figure 4 Discharge and water stage time series. Discharge and water stage time series of three virtual stations along the Negro
River main stream.
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Figure 5 Time series of water stage at Sao Felipe. The thin
continuous line stands for the daily in situ readings. ENVISAT
heights (black dots) are reported as the median value at each
pass (every 35 days) along with the standard deviation.
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case, a section control might be expected. As discussed be-
low, this b value greater than 2 can be also due to a down-
ward break in bed slope at this section.

Based on Eq. (4) one can infer that values of coefficient a
in Table 5 are strongly associated with three characteristics
of the channel control: friction slope (S), Manning roughness
coefficient (n) and mean width of cross-section (W). For
most stations studied, the variations of a along the reaches
are consistent with cross-section changes, slope changes
and tributary inputs. Also, in station T254_22 a high value
was found for a (1576). However, as reported in Table 3,
this station features a 7 km width cross-section value during
the rainy season. This characteristic, based on Eq. (4), leads
to a high value for the coefficient a.
Reliability of the estimated zero flow depth
compared with in situ depth measurements

Fig. 7 shows the evolution of RMS in discharge for some
cross-sections when discharge–height pairs are fitted by a
rating curve for successive values of reference depth z.



Table 4 Results of the method application at three gauged stations

Station a b R2 EWD (m) GWD (m) D1 (m) D2 (m) Difference between D1 and D2

Cucui 314.21 1.502 0.99 7.99 9.82 1.83 2.12 �0.29
Sao Felipe 179.08 1.86 0.97 11.53 11.75 0.22 �0.19 0.41
Curicuriari 33.13 2.495 0.96 13.6 11.03 2.57 0.73 1.84
Serrinha 105.73 2.308 0.94 10.83 11.78 0.95 0.77 0.19

GWD, gauged water depth at in situ station for the same discharge measured by the ADCP in 05/2005; EWD, estimated water depth by the
rating curve for the same discharge measured by ADCP; D1, difference between GWD and EWD; D2, difference between GWD and MWD.

Table 5 Results of the rating-curve and water depth estimations at virtual stations

Station a b z (m) R2 n Average
estimated
water depth

EWD (m) Difference between
MWD and EWD (m)

rd (m)

T493_1 594.08 1.26 70.04 0.98 17 4.68 7.26 0.97 1.38
T89_22 339.83 1.25 67 0.66 86 8.85 8.28 0.12 1.48
T536_1 412.92 1.35 68.80 0.99 16 6.07 8.66 1.52 3.48
T536_2 105.21 1.79 65 0.90 19 8.25 11.74 �0.3 3.00
T536_3 206.56 1.63 66.34 0.98 18 6.85 10.05 �0.72 1.61
T536_4 179.08 1.86 65.29 0.97 18 8.38 10.95 1.30 4.1
T89_26 115.64 2.01 59.5 0.79 98 9.64 9.01 2.94 7.04
T994_1 204.92 1.87 36.51 0.99 15 8.12 11.01 0.72 5.45
T493_2 257.14 1.79 35.90 0.98 15 8.04 10.80 �0.69 3.76
T450_1 383.90 1.76 31.83 0.99 15 7.32 9.54 �1.95 2.57
T951_1 422.10 1.73 30.29 0.99 15 6.93 9.42 1.68 8.3
T254_22 1576 1.001 25 0.76 94 10.23 11.87 �0.39 4.67
T908_1 490.52 1.71 25.29 0.98 18 7.21 8.82 �1.16 2.44
T407_1 553.80 1.67 24.67 0.99 15 7.01 9.37 �2.41 4.54
T121_1 529.41 1.35 89.79 0.97 14 3.88 – No MWD data –
T178_7 340.95 1.41 88.29 0.72 59 4.23 – No MWD data –
T622_1 768.88 1.25 89.79 0.96 13 2.33 – No MWD data –
T579_1 175.80 1.71 73.97 0.99 13 4.55 6.78 �1.28 2.69
T78_1 410.41 1.36 74.11 0.97 14 4.72 6.092 0.04 3.26
T35_1 298.13 1.26 66.17 0.95 16 6.25 9.69 �0.71 3.94
T536_5 121.58 1.55 63.92 0.95 16 7.71 11.28 �0.68 3.45

GWD, gauged water depth at in situ station for the same discharge measured by the ADCP in 05/2005; EWD, estimated water depth by the
rating curve for the same discharge measured by ADCP; MWD, measured average water depth by ADCP under each altimetric track in 05/
2005; a, b, coefficients of the rating curve (Eq. (4)); z, estimated zero effective flow stage from the ellipsoid WGS84 by RMSE minimization
method; R2, correlation coefficient of the rating curve; n, number of points in the rating curve; rd, standard deviation of the depth along
the ADCP profile.
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The minimum in RMS is always unique and well-defined. By
comparing the results between estimated water depth and
measured water depth in Table 5 we obtain an absolute
mean difference of 1.2 m for all stations in Negro River
and 0.67 m for those located on the Uaupes River. The
method proposed seams rather robust and reliable, given
the good agreement between measured and estimated
depths.

ADCP cross-section profiles for each virtual station to-
gether with different estimates of mean water depth are
shown in Figs. 8–10. Station T89_22 is not shown because
only partial ADCP profile was available.

The profiles located between the Cucui and Sao Felipe
stations (T493_1 and T536_1), upstream from the Negro
and Uaupes rivers confluence are given in Fig. 8. Except
for station T536_1, it can be seen that the bottom irregular-
ity of these sections is reduced and the depth can be reason-
ably approximated by some equivalent average value. In
particular, a 380 m long island is evidenced along the sec-
tion of the T493_1 virtual station (Fig. 8a). ADCP profiles
collected from the confluence to Serrinha station (Fig. 9)
differ substantially from the upstream ones. These profiles
are very irregular and depth varies largely within each
cross-section, especially for T89_26, T994_1, T450_1 and
T951_1 stations. There, the characterization of the cross-
section depth by a single value is less relevant. This finding
is quantified at first-order by parameter rd reported in Table
5 which stands for depth variability along the ADCP profile.
Indeed, variability of ±7 m in MWD at T89_26 station for an
average depth of 11.95 m or ±8.3 m at T951_1 station for



Figure 6 Estimated rating-curves. Example of estimated rating-curves for some virtual stations.
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9.41 m average depth confirms the irregularity of the bot-
tom shape and how difficult it is to measure a reliable equiv-
alent water depth. The significant differences (>1 m)
between EWD and MWD at these sections can be related
to this fact or to the quality of the altimeter data. Indeed,
these stations are located in areas where satellite measure-
ments can be contaminated by the topography or physical
characteristics of the river channel such as meanders, island
systems and major confluences. More spatial data are re-
quired to reinforce and validate the rating-curves of these
virtual stations. However, it can also be assumed that a
mean depth measured from ADCP could be in these cases
less reliable than the estimation of effective zero flow va-
lue. For the time being, it can only be stated that discrep-
ancies are higher in the event of an irregular profile.

At the downstream end of the reach, between T254_22
and T407 stations (Fig. 9b–d), the width section changes
by 1.5 km between high and low waters. This significant
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Figure 7 RMS evolution. Evolution of the RMS in discharge when the discharge–height pairs are fitted by a rating curve for
successive values of the reference depth z.

Figure 8 ADCP profiles from Cucui to Sao Felipe station (following down the Rio Negro). Measured profiles by ADCP in May 2005 for
the virtual stations located between Cucui and Sao Felipe.
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width variation could also account for the value of a found
in station T254_22.

Lastly, some cross-section profiles are given in Fig. 10 for
the Uaupes River. rd ranges from ±2.7 m at T579_1 station
and ±4 m at T35_1 station, for an average water depth of
�7 m. Again, irregularity at the cross-sections detrimentally
affects the estimate of typical water depth.

As shown in Table 5, for all stations with ADCP profile
EWD values were found that do not depart from MWD by
more than rd. Thus, it can be concluded that the method
presented in this study provides reliable estimates EWD of
the equivalent zero flow from remote discharges and altim-
eter data.
Bottom slope compared with free surface slope
during low and high water stages

The average bottom slope of the upper Negro River basin can
be calculated on the basis of the zero effective flow estima-
tions presented in Table 5 (Fig. 11). For the reach from
T493_1 station to T536_4 station, upstream from the conflu-
ence with Uaracu River, we computed a bed slope of 4.56 ·
10�5 m m�1. From T89_26 station to 994_1 station, down-
stream from the confluence, the bed channel of the river
shows a major increase in bottom slope, namely 2.4 · 10�4

m m�1. This section of the river is so-called Sao Gabriel da



Figure 9 ADCP depth profiles at the virtual stations (following the Rio Negro, from Sao Felipe to Serrinha). Profiles collected in
May 2005.

Figure 10 Uaupes River profiles. Measured profiles by ADCP in May 2005 for the virtual stations located at Uaupes River main
stream.
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Cachoeira (Sao Gabriel Waterfall). With a denser network of
stations due to the addition of virtual stations, the method
even allows us to track the major changes in bed slope. Final-
ly, a bed slope of 6.86 · 10�5 m m�1 is found for the most
downstream reach of the upper Negro River main stream.

Similarly, the Uaupes River bed slope was estimated from
stations T121_1 to T536_5 (Fig. 12). An average slope of
1.02 · 10�4 m m�1 was calculated for this reach. A major
change in slope was found between T622_1 and T579_1 vir-
tual stations.

These results can be compared with the free water sur-
face slope calculated from ENVISAT altimetry data. Fig. 13
shows the profile of free water slope in dry season, rain sea-
son and the bottom slope of the upper Negro River between
T536_1 and T407_1 ENVISAT virtual stations. A very good
agreement is found between the free surface slope and
the bottom slope, providing an external validation of this
method for water depth estimation at virtual stations. The
agreement between the free surface and bed slopes also
validates the assumption we made of kinematic slope.

Estimation of Manning roughness coefficient

Combining the Manning equation (1) and rate to discharge
relationship equation (4), the Manning roughness coefficient
(n) can be derived from known values of a, S and W. Mean
bottom slope values were used from T493_1 to T536_4 vir-
tual stations, T89_26 to T994_1, 493_2 to 254_22, and
T908_1 and 407_1 for the Negro River main stream. Width
(W) values were estimated using JERS images acquired dur-
ing the dry and rainy seasons. Thus, the n values were esti-
mated at the different reaches with the same physical
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Table 6 Manning roughness coefficient along the Negro and
Uaupes Rivers

Reach Reach
number

n
(dry season)

n
(rain season)

T493_1–T536_4 1 0.04 0.076
T89_26–T994_1 2 0.093 0.11
T493_2–T254_22 3 0.037 0.04
T908_1–T407_1 4 0.032 0.032
T121_1–T536_5 5 0.036 0.054

Rating curves and estimation of average water depth at the upper Negro River 495
characteristics considering changes in slope, and the pres-
ence of the island systems. For the Uaupes River, we only
considered one average bottom slope from T121_1 to
536_5. Table 6 summarizes the resulting Manning coefficient
values found for these reaches during the dry and rain
seasons.

Values of roughness coefficient reported in Table 6 are
consistent with values suggested by Chow (1959). For major
flows (width >30 m) with an irregular section, Chow (1959)
suggests that Manning’s coefficient ranges from 0.035 to
0.1. The highest values correspond to irregular natural
channels with significant variations in cross-section, major
obstructions, and the presence of vegetation, meanders
and islands. Values reported in Table 6 indicate that the Ne-
gro River behaves as channels with irregular and roughness
section in reaches 1, 3 and 4 with an n mean value between
dry and rainy season of 0.036 and of 0.049, respectively.
Similarly, the Uaupes River (reach 5) has a mean n value
of 0.045 suggesting physical characteristics similar to those
of the Negro River. On the other hand, higher values of n are
obtained in reach 2. As discussed above, the stations consid-
ered are located in a river portion of complex geometry di-
rectly impacting hydrodynamics. As indicated in Chow
(1959), a strong slope, meanders and islands lead to higher
values of n.

Conclusions

This work highlights a very promising application of the spa-
tial altimetry over inland waters, especially over the great
fluvial basins such as the Amazon basin, but in areas within
this basin where both geometry and discharge are very
irregular (upstream reaches of Rio Negro sub-basin). The
estimation of the stage–discharge relationship at virtual
stations with a high accuracy from calculated remote dis-
charges and filtered altimeter data are a new field in the
spatial hydrology. We estimated the rating-curves for 21 vir-
tual stations at the upper Negro River basin: 14 along the
Negro River main stream between Cucui and Serrinha
gauged stations and 7 along the Uaupes River from Uaracu
station to the confluence with Negro mainstream (Fig. 3).

The RMSE minimization method presented in this paper
has allowed us to estimate the zero effective flow and con-
sequently the water depth of these 21 cross-sections with
an average difference less than 1.1 m between measured
water depth and estimated water depth. It can be stated
that the preliminary results and the performance of the
method are reliable. This is supported by EWD values lying
within one standard deviation from the MWD. Using the rat-
ing curves obtained at the successive virtual stations al-
lowed us to estimate consistent Manning roughness
coefficients have been estimated and we determined the
flow propagation conditions (either channel or section con-
trolled). Our method allows us to extract bottom elevation,
bottom and free surface slopes and roughness coefficients
from a combination of altimeter and remote discharge data.
These quantities are highly valuable for understanding rivers
and hydrodynamic modelling. The methodology developed
should support future work on the Amazon Basin where
hydrodynamic modelling had always been prevented by
the lack of in situ data.
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