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[1] Satellite radar altimetry has the ability to monitor variations in surface water height
(stage) for large wetlands, rivers, and associated floodplains. A clear advantage is the
provision of data where traditional gauges are absent. As part of an international program, a
complete altimetric analysis of the Amazon Basin is being undertaken. Here, an updated
and more rigorous evaluation of the TOPEX/POSEIDON (T/P) data set is presented for the
first �7.5 years of the mission. With an initial study group of 230 targets, height variability
at many ungauged locations can be observed for 30–50%, the range reflecting the clarity of
the variations in lieu of instrument limitations. An assessment of the instrument
performance confirms that the minimum river width attainable is �1 km in the presence of
some inundated floodplain. This constraint does allow observation of the main stem
(Solimões/Amazon) and the larger tributaries, but rugged terrain in the vicinity of the target
additionally places severe limitations on data retrieval. First-order validation exercises with
the deduced 1992–1999 time series of stage fluctuations reveal accuracies ranging from
tens of centimeters to several meters (mean �1.1 m rms). Altimetric water levels in the
Solimões and Amazon are particularly well defined with amplitudes <13 m and variations
in peak-level timing fromMay to July. The water-surface gradient of the main stem is found
to vary both spatially and temporally, with values ranging from 1.5 cm/km downstream to
4.0 cm/km for more upstream reaches. In agreement with ground-based estimates, the
seasonal variability of the gradients reveals that the hysteresis characteristic of the flood
wave varies along the main stem and the derived altimetric velocity of this flood wave is
estimated to be �0.35 m/s. Overall, the altimetric results demonstrate that the T/P mission
is successfully monitoring the transient flood waves of this continental-scale river
basin. INDEX TERMS: 1894 Hydrology: Instruments and techniques; 1860 Hydrology: Runoff and

streamflow; 1640 Global Change: Remote sensing; 1655 Global Change: Water cycles (1836); 1836

Hydrology: Hydrologic budget (1655); KEYWORDS: Amazon river, gradient, radar, altimeter
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1. Introduction

[2] With an average discharge into the ocean exceeding
200,000 m3/s�1, the Amazon is the world’s largest river. Its
origins are believed to be in Peru where the main channel is
known as the Ucayali River. Further downstream, the Ucayali
is joined by the Marañon River, and from this confluence to
the Peru/Brazil border, the river is known as the Amazon. In

Brazilian territory, the river is known as the ‘‘Solimões’’
upstream of the Negro, and ‘‘Amazon,’’ downstream of this
confluence (Figure 1). The main stem has tributaries in both
hemispheres. In the south, peak rainfall periods occur between
December and February, up to 6 months earlier than peak
rainfall in the northern regions. This geographical factor,
together with a dampening effect of water storage (up to 2
months) on the floodplains (a potential area of 90,000 km2

Sippel et al. [1998]), accounts for river discharge varying
seasonally by only a factor of 2 or 3 at any point along the
main stem while water-surface height (stage) variability can
be in excess of 10 m [Richey et al., 1989]. This is not the case
for tributary discharge which can vary by a factor of 10 or
more. The timing of tributary maximum and minimum stage
values also differwidely across the basin [Meade et al., 1991].
[3] For many of the world’s large river systems visually

read stage measurements are referenced either to a local
datum or to mean sea level and the frequency of the measure-
ment can be twice daily. In the Amazon Basin stage is
recorded at several hundred gauges by the Agência Nacional
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de Energia Elétrica (ANEEL). Although unification of some
of the main stem reference datum is being undertaken (P.
Kosuth, personal communication, 2000), many sites still
utilize their own local elevation data. This limits correlation
investigations between gauge data and deters estimates of
river gradients, an important characteristic affecting sediment
transport and channel behavior. In addition, surface water
elevations in vast areas of floodplain and wetland are as yet
unrecorded. Satellite remote sensing does provide additional
monitoring tools and advances have been made with respect
to the application of satellite radar altimetry [Birkett, 1998],
and to SAR interferometry [Alsdorf et al., 2000].

2. Satellite Radar Altimetry

2.1. Technique

[4] Satellite radar altimeters are nadir-viewing instruments
primarily designed to operate over ocean surfaces and ice
sheet topography (see Rapley [1990] for details). The instru-
ments continuously emit microwave pulses (e.g., 13.6 GHz)
toward the surface as the satellite orbits the Earth. By noting
the two-way time delay between pulse emission and echo
reception, the altimetric range (i.e., the distance between
antenna and surface) can be deduced. This measurement,
together with additional geophysical data and accurate
knowledge of the satellite orbital position, enables the height

of the surface topography to be derived with respect to a
single reference datum. As each satellite is placed in a repeat
orbit (to within ±1 km), essentially revisiting the same
location on the surface within each cycle, time series of water
height variations can be constructed for a specific target
during the lifetime of the mission.
[5] Each altimetric instrument has a narrow field of view

determined by the footprint size. Over water surfaces, the
effective footprint diameter can vary from several hundred
meters during calm conditions or in wind-sheltered sites, to
several kilometers, depending on the height characteristics of
the surface waves. With nadir-operation, and a satellite orbit
with set geographical north/south limits, height retrieval is
limited to only those targets directly beneath the satellite
overpass. The repeat orbit additionally sets the temporal
resolution of the data, and the combined effects of the
altimetric technique and subsequent data processing, set the
spatial resolution of height measurements along the satellite
ground track.

2.2. Advantages and Limitations

[6] Radar altimetry has all-weather operating capability
and for many regions the ability to detect water beneath
canopy or vegetation cover is a great asset. Although not
able to measure river discharge or the river depth, it has a
number of additional advantages (see Birkett [1998] for full

Figure 1. TOPEX/POSEIDON ground track positions and the location of attempted target sites within
the Amazon Basin. Satellite pass numbers are placed on the figure so as to be in the direction of the
satellite pass. The grading of target site results are circles (Grade A, A/B, B and B/C), triangles (Grade C
and C/D), and squares (Grade D or X, i.e., failures). Gauge sites along the main stem are denoted by open
squares and from west to east are São Paulo de Olivença (SPO), Santo Antônio do Içá (SAI), Itapeuá
(ITA), Manacapurú (MAN), Manaus (MAS), and Obidos (OBI).
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discussion). Most relevant to this study are its unique ability
to provide stage data at ungauged locations, its use of a
single fixed reference datum, and its potential ability to
measure the depth of water within floodplains and wetlands.
The quantity of good data though will be constrained by the
severity of the topography, the presence of multiple targets
within the footprint, and the target size. In general, the
larger the target, the greater the chance of acquiring ‘‘lock’’
on the surface, and the greater the number of radar echoes to
improve the overall height accuracy.
[7] Such instruments have already demonstrated their

ability to monitor variations in surface water height over a
variety of inland water targets in several test-case studies
(see Birkett [1995] and Birkett [1998] for reviews and
references). Koblinsky et al. [1993] used Geosat altimeter
data (1986–1989) to examine the potential of measuring
water-level variations in the Amazon Basin while Birkett
[1998] examined early TOPEX/POSEIDON (T/P) data at
several locations on the Amazon and Solimões rivers.
Validation exercises from the latter revealed that the accu-
racy of the deduced river-level time series varied between
19 and 75 cm root mean square (rms) (where the RMS value
is deduced from the mean difference between altimeter and
gauge height values over the observation period), depending
on both target size and season.

2.3. Applications

[8] The Large-Scale Biosphere-Atmosphere Experiment
in Amazonia (LBA) is a Brazilian-led research initiative
with objectives to further the understanding of the climato-
logical, ecological, biogeochemical, and hydrological func-
tioning of Amazonia [Nobre et al., 1996]. One project
within the hydrometeorological aspect of LBA is a remote
sensing program to study the dynamics of surface water via
satellite radar altimetry. This project was initiated to pro-
mote the development of the technique and to provide stage
information within a single reference frame, at ungauged
locations. Such results are made available to the general
scientific community and resource agencies.
[9] The potential applications of such altimetric data are

varied. Contributions to navigation can be made regarding
hitherto unattainable spatial coverage of water-level varia-
tions. Geoid-relative river gradients can also contribute to
engineering analyses in regards to hydraulics and sediment
transport. Evaluation of the inundation regimes of vast
wetlands is also a distinct advantage when flooding is
crucial to both methane production and the maintenance
of distinctive flooded forest ecosystems. The altimeter can
also aid studies on the passage and modification of the flood
waves, and on the combined effects of tides and river flow
noting the absence of gauges in the delta-plain reach of the
lower Amazon River. Within a single reference frame,
observed altimetric height variations can also contribute
toward regional correlations, and basin-wide results to
climatological investigations.
[10] This study presents a more rigorous evaluation of the

T/P data for all of the main river and tributary satellite
crossings within the Amazon Basin. Satellite coverage of
the basin and performance of the instrument are discussed,
and a more extensive validation exercise is performed with
the aid of 1990s ground-based stage measurements. River-
level time series are also presented for the period September

1992 to February 2000, and spatial and temporal variations
of the Solimões and Amazon River levels are examined. A
T/P elevation profile of the main stem is deduced and the
temporal variability of these river gradients is explored with
reference to the passage and nature of the seasonal peak-
flow flood wave.

3. Data and Methodology

3.1. Data Processing

[11] T/P is a joint USA/French (NASA/CNES) radar
altimetric mission which has been in operation since Sep-
tember 1992. Two altimetric instruments are onboard but
the majority of measurements over the Amazon are obtained
from the NASA Radar Altimeter (NRA) [Zieger et al.,
1991]. With an orbital repeat period of �10 days, the
satellite performs a total of 254 ascending and descending
passes (denoted as pass 001 to pass 254) over the Earth’s
surface within each repeat cycle. Mean surface height data,
with respect to a mission-specific reference ellipsoid
(a nonspherical, biaxial shape with equatorial radius of
6378.1363 km and a flattening coefficient of 1/298.257),
are potentially available every �580 m along each of the
satellite ground tracks.
[12] The study presented here concentrates on data

obtained from the first 273 cycles of the mission (23
September 1992 to 21 February 2000). Geophysical Data
Records (GDRs) were obtained from the CNES Archiving,
Validation, and Interpretation of Satellite Data in Ocean-
ography (AVISO) center. Full details concerning the GDRs,
altimetric parameter construction, data filtering technique,
and a full discussion of overall height accuracy can be found
in the study by Birkett [1998]. It should be noted here that the
height parameter is based on the utilization of the NASAT/P
orbit and the Doppler orbitography and radiopositioning
integrated by satellite (DORIS) ionospheric range correction.
In addition, no corrections are applied to account for the wet
tropospheric range correction, various surface slope and tidal
effects, nor for variations in the shape and positioning of the
returned echoes within the instrument range window.
[13] The absence of the European Centre for Medium-

Range Weather Forecasting (ECMWF) wet tropospheric
range correction over the majority of land surfaces in the
AVISO GDR data set is a cause for concern. Although such
corrections can be retrieved from other T/P data sources (as
per the Amazon test-case studies by Birkett [1998], where the
values were utilized but with noted caution), the decision to
omit this correction here was based on several factors; (1)
correction values for precise locations are potentially erro-
neous due to lack of spatial and temporal radiosonde data
within the basin (only 6 radiosonde sites across the entire
basin are regularly reporting humidity information to the
ECMWF) (E. Andersson, personal communication, 2001);
(2) given values can differ between available altimetric data
sets depending on the interpolation method employed by the
ground processing teams; (3) two study programmes [Birkett,
1995; Stum, 1994] have found the correction value to be
biased too high, particularly in humid regions; (4) validation
exercises with the Paraguay river [Birkett, 1998], which
experiences �20 cm seasonal variability of this correction,
showed an improvement of less than 1 cm rms, when the wet
tropospheric range correction was omitted from the stage
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variability calculations; (5) for small targets, this correction is
not the dominant error source within the altimetric height
construction; (6) if the seasonal variability of this correction
is in phase with the elevation changes, the repeat-track
technique employed here ensures that the maximum error
introduced from the omission of this correction, is likely to
occur at periods of low-water levels, when the altimetric data
are poor or are absent within the GDRs.
[14] Concerning across-track geoid slope differences

between locations on differing satellite repeat tracks, Birkett
[1998] estimated that for the central Amazon Basin, the
correction was only of the order of 1–2 cm. Ocean tidal
influences though, can have effects reaching 1300 km
inland [Bates, 1962], but no account can be made due to
current lack of auxiliary information. Birkett [1998] also
performed an investigation of additional altimeter range bias
effects potentially introduced due to the changing shape of
the returned echoes during variations in inundation status.
The results for select Amazon Basin locations concluded
that the stability of the echo width during periods of high
water, and the resulting small variation in width between
high and low inundation periods, did not merit any range
bias correction. During the same study, various retracking
methods were employed to try and relocate the echo within
the instrument range window, thus improving the accuracy
of the altimeter range value itself. Although various meth-
ods were tested, none were found to offer any considerable
improvement. The introduction of errors from the lack of a
wet tropospheric, slope and tidal correction, are merely
noted for now, with the possibility of full examination and
implementation in a later phase of the project.

3.2. Target Selection

[15] The construction of the time series denoting surface
height variability employs a repeat track method which is
well known in satellite radar altimetry and full details can be
found in the works of Birkett [1995, 1998]. The method is
applied to a chosen geographical range representing part of
a section of the satellite ground track between two latitude/
longitude positions. With noted caution due to inaccuracies,
1:1,000,000 Operation Navigational Charts (ONC) enabled
preliminary geographical ranges to be set which depicted
the river channel entrance/exit locations for each river
crossing. In practice though, during data examination and
time series construction, several geographical ranges were
tested within the expected river zone in a bid to more
accurately gain the signal from the river channel only (i.e.,
exclusive of the floodplain). The isolation of the river was
determined by examining both the height and backscatter
parameters within the GDRs.
[16] The radar backscatter coefficient, so is proportional to

the power returned at the instrument and is sensitive to both
the physical nature of the target and its surface area. In most
wetland or floodplain zones, values of so < 20 dB can be
assumed to first order to be indicative of nonflooded surfaces
[Birkett, 1998, 2000] and seasonal increases in so � 20 dB
denote increasingly flooded terrain. For most rivers, so has
been observed to be >20 dB with little seasonal variation.
Thus, assuming that most rivers are approximately constant
in width as their levels rise and fall, the final ‘‘river’’ zone
aimed for would allow a narrow geographical range to give a
time series which displayed both the largest seasonal varia-

tions in height amplitude and the smallest variation in so.
Note must be made though, of the large height error (>0.5 m)
associated with the selection of a narrow range where only 1
or 2 GDR height values (i.e., 1 or 2 radar echoes) are utilized
(section 4.2).
[17] At locations where the criteria failed to isolate the

river, a geographical range within close vicinity of the river
channel would be chosen. This new selection, based on the
location and existence of good altimetric data during low-
water periods would ultimately maximize the clarity of the
deduced time series. At a later date in the project, access to the
geolocated and subsampled JERS-1 SAR high-water (May/
June 1996) mosaic over the Amazon Basin [Chapman et al.,
2002] served as an additional useful check (to within 1 km) of
the geographical range selection for the Solimões/Amazon
main stem crossings (L. Hess, personal communication,
2000). However, in many cases the final time series accepted
would still be associated with the nearby floodplain (várzea)
or with a wider inundated zone that could include the effects
of both river channel and várzea (see section 4.3.1).

4. Results

4.1. Satellite Coverage and Instrument Performance

[18] A total of 31 ascending and descending T/P passes
cross over the Amazon Basin within the geographical zone
defined by 20.0�S to 5.0�N latitude and 80.0�W to 45.0�W
longitude (Figure 1). The ground tracks are not spatially
dense, but there is fair coverage of the main stem (defined in
this study as the combined Solimões and Amazon rivers,
adopting the Brazilian nomenclature) and the major tribu-
taries. Many inundated regions can be observed along each
T/P pass, but 230 target attempts were initially made aiming
at all rivers where the ONC channel appeared to be wider
than 0.5 km.
[19] Because there are a number of factors governing the

successful retrieval of the altimetric data (section 2.2), a
crude grading system was employed to designate the quality
of the resulting time series. Grade A results had clear
seasonal maxima and minima. Height variability during
low-water periods became more difficult to observe within
Grade B time series, while the clarity of any seasonality
observed within Grade C results was considerably de-
graded. Time series displaying no seasonality and much
random noise were designation Grade D, while Grade X
denoted extreme absence of good data over a target region.
Some results were given intermediate grades such as A/B or
B/C. These time series are a result of inadequate filtering
(i.e., the rejection of land and erroneous water height data
Birkett [1998]) or are representative of rivers with more
complex hydrographs such as those situated in rugged
terrain or those possessing a small catchment area.
[20] Approximately 30–50% of the attempts were suc-

cessful, the range reflecting the clarity (Grade A to Grade B/
C) of the resulting height variations. Roughly 30% (Grades
D and X) were rejected, while �20% (Grades C and C/D)
remain currently unachievable but are noted for further
exploration as techniques and filtering methods progress.
In general, the good results are clustered around the central
main stem region (Figure 1), with surrounding higher relief
providing obvious outer boundary limits, and narrow river
width and dry topography, limitations for the inner regions.
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Three ascending passes (pass 063, 139 and 241), and one
descending pass (pass 178) have the greatest target success
rate, each spanning �12� of latitude across the central
basin.
[21] The wide Solimões, Amazon, Madeira and Purus

rivers and the Balbina Dam region on the Uatumã River are
the most easily observed targets with passes 050 and 215
successfully providing one additional gauging location on the
Amazon, between the town of Óbidos and the mouth of the
river. Additional success was achieved over the lower reaches
of the Xingu, Tapajós and the Juruá rivers in the south, and
the lower reaches of the Putumayo and the Negro in the north.
Time series were also obtained from river channels and
floodplains near the coastal estuary, although due to large
tidal influences, these were left ungraded. In Peru, the flood-
plains of the Ucayali and Urubamba rivers provided the
furthest up-river time series and Grade B/C results are found
in the extreme southern upland regions of Bolivia and Brazil
(Figure 1). Noting the absence of gauges [Meade et al.,
1991], good altimetric results were disappointingly lacking
for the upper reaches of the Negro, probably due to the
presence of multiple side channels and alluvial islands.
[22] With the aid of the JERS-1 mosaics, it is clear how

well the instrument is performing across the várzea. For
passes 241 and 165 for example, the instrument can acquire
and maintain lock across the complete underlying stretch of
water, for up to two thirds of the hydrological season, even
when the canopy cover in the várzea attains 80–100% tree-
top closure. For the remainder of the season, data are poorer,
but lock can still be sporadically acquired at differing
locations within the várzea. The presence of such inundation
(identifiable from the JERS-1 mosaic or from observation of
so seasonality) on a floodplain prior to the expected river
overpass does increase the potential of acquiring lock on the
river channel itself by gaining crucial adjustment time. The
Grade B/C results for the Casiquiare and Negro River regions
on pass 089 are such examples. This inundation advantage is
also evident throughout the lowlands. Here, many floodplain-
only time series were derived, or results were obtained with
an extended geographical river range which included the
floodplain. With an average T/P NRA reacquisition time of
�1 s in lowland terrain [Birkett, 1998], at least �6 km of
inundation is required to gain an advantage.

4.2. Minimum River Width

[23] To record the accurate stage of a single water target
depends on the ability to detect that target above the
background noise of the other land/water components
within the instrument footprint. The surface area of the
target, the nature and complexity of the surrounding terrain,
and the diameter of the altimeter footprint are important
considerations. The lower values of the latter, that of a few
hundred meters (section 2.1), is directly transcribed into the
first limitation on river width. This value though, has to be
modified considering that the returned echoes are averaged
onboard the satellite to improve the instrument signal-to-
noise ratio. The final spatial density of averaged echoes (or
average height values) along the ground track is set to
580 m within the T/P GDR data set. One such height value
may not have captured the true river stage, so a final
theoretical minimum river width is set at 0.58 to 1.16 km
(i.e., 1 to 2 averaged echoes).

[24] River widths in the basin are variable (e.g., 2–6 km
low-water, single-channel widths at main stem locations
< 3500 km from the coastMertes et al. [1996]). However, to
prove any minimum observable width is difficult as data
retrieval can also be hampered by the severity and state (dry
or wet) of the surrounding topography, as well as the
presence of river islands and multiple channels. One dry
terrain example is the observation of poor data at the exact
Solimões river channel crossing (2–3-km wide) on pass
089. Analysis of the JERS-1 high-water mosaic reveals that
in the direction of the satellite approach, the land is not
inundated. This dry ‘‘terra firma,’’ and the subsequent 10–
15 m high river bluff causes instrument-tracking failure with
good data only once again being retrieved, at some 10–
15 km on the northern floodplain. In fact, the majority of the
Grade D and Grade X results are to be found in valley
regions at higher elevations where river crossings, along the
angle of satellite pass, vary from 0.5 to 4 km wide, and
floodplain inundation is either limited or nonexistent.
[25] In many cases, examination of the data in regions

where a floodplain is present, also restricts the determination
of true minimum width observable. At low-water levels,
emerging dry land and forest hamper data retrieval, and
during high-level periods, the river channel can be masked
in the overall signal from the floodplain inundation. It is
interesting to note that except for a general increase/decrease,
there is no simple linear relationship between the number of
target water echoes and the degree of inundation. The
emergent dry land and/or multiple wet targets cause loss of
lock at random places, with part or all the expected river
channel location being gained on some repeat passes (as is the
floodplain itself) but not on others. Success was achieved
however for the lowland Jutaı́ (pass 178), Tupana and Tacuia
rivers (pass 063). For these targets (river width 1–2 km) the
geographical range could be narrowed to�1 km (�2 echoes)
to give a good-grade ‘‘river’’ time series with little so

seasonality, thus capturing the river channel and confirming
the theoretical minimum river width in these cases.

4.3. Validation

4.3.1. Limitations
[26] Validation of an altimetric result is performed via a

comparison with daily ground-based stage measurements
obtained from a gauge in close proximity to the satellite
overpass. Stage data, (courtesy of ANEEL) was therefore
obtained for several sites across the basin for the 1990s
decade. Various factors may influence the correlations.
While a gauge measurement will be given for an exact
geographical location, the raw altimeter height values
represent an average of the topography found within the
instrument footprint in the along-track direction. In addition,
during the construction of the altimetric time series, further
averaging is performed when a large section of ground track
is utilized to maximize the number of target radar echoes. The
altimeter’s height accuracy therefore relies heavily on this
averaging process over a geographical range. Although the
timing of the satellite overpass is precisely known, the
majority of the ANEEL stage data are an average of two
daily measurements (via gauge boards or mechanical chart
recorders) taken at 0700 and 1700 local time. This difference
in timing will become more significant for rivers with
drainage areas less than 1000 km2 where floods cause

BIRKETT ET AL.: SURFACE WATER DYNAMICS IN THE AMAZON BASIN LBA 26 - 5



significant stage changes within a 24-hour period, and for
those locations which experience strong tidal influences. The
distance between gauge location and satellite overpass will
also be important considering the influence of tributary
inflows and the rapid changes in hydrology as a function of
distance for smaller rivers.
[27] Depending on the choice of geographical range, an

altimetric result can directly reflect, or be influenced by, the
variation of inundation within the adjacent floodplain. The
várzea are usually separated from the river by a gently
graded embankment and the depth of the water in the várzea
tends to increase away from the river. At the time of
maximum water level, the river generally overflows its
banks and produces a floodplain water-surface of the same
elevation. As the river level drops the várzea can become
isolated. If the river level drops quickly, the várzea water
level will be higher than the river. In some regions though,
initial inundation can result from the waters of upland
terrain or via tidal backwaters from smaller channels
[Mertes, 1997; Alsdorf et al., 2000]. Narrowing the geo-
graphical range for the various basin targets only success-
fully distinguishes river from floodplain (section 3.2) in a
few exceptional cases, and for these a small phase-offset
(i.e., a few days) between river and nearby floodplain can be
occasionally observed. For the majority of cases though,

such a narrow range produces a degraded time series result,
particularly with respect to the clarity of the height measure-
ments during low-water periods. Expanding the geograph-
ical range to include some inundation only enhances the
observed variability at high- and intermediate-level water
periods. In these cases, there are no obvious amplitude or
phase differences due to the inclusion of some inundated
floodplain. However, the potential for a time series to
represent smoothing effects as several combined inundation
processes are averaged together remains. With these spatial,
temporal and geographical factors in mind, the validation
exercise can only serve as a first-order approximation.
4.3.2. Results
[28] Initially the project aimed at utilizing Grade A and B

altimetric results and those gauges located within 10 km
from the satellite overpass. However, the resulting number
of cases was limited and so standards for both grade and
separation distance were relaxed. Table 1 gives details of the
river target, gauge site and the resulting root mean square
(rms) values derived from the mean difference between the
gauge and altimeter height measurements.
[29] Figure 2 gives a qualitative comparison for some of

the results where each altimetric result has been arbitrarily
shifted vertically by a constant factor, to align (where
possible) the periods of maximum inundation. In some

Table 1. Validation Study: River and Gauge Details

River Target
Geographic Range, deg
(lat,lon) to (lat,lon) Pass Grade

Gauge D-gauge,
km

rms,
m

Amp,
%ID Name

Amazon* floodplain (�2.80,�56.982) (�2.64,�56.925) 139 B 16350002 Parintins 15 km/up 0.38 4
Amazon* river (�3.26,�59.069) (�3.21,�59.086) 152 B 15030000 Jatuarana 70 km/down 0.43 4
Amazon* floodplain (�3.52,�58.975) (�3.30,�59.054) 152 B 15030000 Jatuarana 70 km/down 0.63 6
Amazon* floodplain (�2.59,�56.478) (�2.51,�56.503) 228 B 16350002 Parintins 30 km/down 0.67 9
Araca/Demeni floodplain (�0.52,�62.882) (�0.45,�62.908) 076 B 14440000 Posto Ajuricaba 125 km/down 1.03 13
Aripuana floodplain (�9.87,�59.548) (�9.84,�59.537) 139 B/C 15750000 Humboldt 40 km/down 2.22 25
Aripuana river (�9.83,�59.533) (�9.78,�59.515) 139 B/C 15750000 Humboldt 40 km/down 2.46 27
Embira river+ (�8.00,�70.199) (�7.94,�70.176) 089 B/C 12650000 Feijo 30 km/down 1.09 13
Guapore floodplain (�12.61,�64.143) (�12.55,�64.166) 178 B 15200000 P. da Beira 30 km/up 1.30 13
Iriri river (�3.98,�53.143) (�3.90,�53.169) 050 C 18700000 Pedra do O. 115 km/down 0.77 12
Juruá river+ (�6.61,�69.201) (�6.59,�69.209) 102 B/C 12700000 Santos Dumont 115 km/down 2.23 14
Juruá river/all (�6.65,�69.187) (�6.50,�69.241) 102 B 12700000 Santos Dumont 115 km/down 4.09 26
Ouro Preto river+ (�10.82,�64.817) (�10.78,�64.833) 178 B/C 15248010 B. do Pompeujus 30 km/up 0.71 14
Pacaas Novos river+ (�11.20,�64.676) (�11.15,�64.693) 178 B/C 15246000 B.V. dos Pacaas 30 km/up 0.90 20
Pacaas Novos floodplain (�11.29,�64.642) (�11.24,�64.660) 178 B/C 15246000 B.V. dos Pacaas 30 km/up 0.76 17
Purus river+ (�4.22,�61.561) (�4.17,�61.577) 076 B 13990000 Beruri 35 km/up 1.15 9
Purus river+ (�4.22,�61.561) (�4.17,�61.577) 076 B 13962000 Arumã-jusante 90 km/down 1.73 11
Purus floodplain (�8.05,�67.382) (�7.87,�67.316) 165 B 13750000 Fortaleza 50 km/up 2.42 13
Purus#�8 river/all (�7.77,�65.944) (�7.69,�65.973) 178 B 13750000 Fortaleza 105 km/down 2.16 14
Purus#�7 river+ (�7.73,�65.958) (�7.69,�65.973) 178 B/C 13750000 Fortaleza 105 km/down 1.19 8
Solimões* river/all (�3.43,�60.042) (�3.21,�59.962) 063 B 14100000 Manacapuru 70 km/down 1.12 9
Solimões/Negro*#�3 river/all (�3.85,�60.192) (�3.08,�59.916) 063 B 14100000 Manacapuru 70 km/down 0.70 5
Solimões/Negro* floodplain (�3.19,�59.956) (�3.11,�59.926) 063 B 15030000 Jatuarana 30 km/up 0.49 4
Solimões floodplain (�3.91,�61.673) (�3.88,�61.681) 076 B 14100000 Manacapuru 130 km/up 0.61 5
Solimões river (�4.07,�70.118) (�4.04,�70.129) 102 B 10100000 Tabatinga 35 km/up 0.59 6
Solimões river (�4.07,�70.118) (�4.04,�70.129) 102 B 12000000 Teresina 60 km/up 0.41 4
Solimões#�7 river+ (�4.10,�63.115) (�3.95,�63.064) 241 B 13150000 Itapeuá 10 km/up 0.86 8
Solimões#�10 floodplain (�3.95,�63.064) (�3.26,�62.815) 241 B 13150000 Itapeuá 10 km/up 0.88 7
Solimões river (�3.25,�64.743) (�3.15,�64.779) 254 B 12900001 Tefé 20 km/up 0.83 6
Solimões lake/river (�3.37,�64.701) (�3.33,�64.714) 254 B 12900001 Tefé 29 km/up 0.62 5
Tarauacá floodplain (�6.88,�69.789) (�6.77,�69.749) 089 B 12680000 Envira 70 km/down 1.59 13
Unini river (�1.87,�62.401) (�1.82,�62.419) 076 B/C 14855000 Umanapana 5 km/down 0.55 6
Unini river/all (�1.80,�62.295) (�1.65,�62.239) 241 B 14855000 Umanapana 25 km/down 0.60 7
Xingu river+ (�4.93,�52.799) (�4.85,�52.829) 050 B/C 18520000 Belo Horizonte 60 km/down 0.45 8

Target denotes the approximate nature of the terrain based on JERS-1 (for the Solimões/Amazon main stem) and ONC (all others) locations. River+
indicates the main river channel plus a potential few kilometers of floodplain. River/all indicates the channel plus a larger expanse of floodplain. D-gauge is
the distance upstream or downstream of the satellite overpass from the gauge location and %Amp is the rms value expressed as a percentage of the largest
observed (from stage or altimetry) seasonal stage amplitude. Possible locations with tidal influences are denoted by an asterisk. To improve some
correlations, a phase lag was introduced, e.g., #�10 indicates that the altimeter dates were modified by �10 days prior to rms calculation.
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cases, a small phase-lag was introduced in the timing of the
altimetric data when a clear offset from the gauge measure-
ments was observed. For these cases, the phase-lag is varied
until the RMS value is minimized. Those targets, where this
phase-variation produces a �10 cm change in RMS (e.g.,

Solimões, pass 241), are highlighted in Table 1. This phase
offset could be due to the mismatch in gauge/satellite
location or be due to storage effects on the floodplains.
There is some excess scatter in some of the altimetric time
series in Figure 2 indicating factors such as random rain

Figure 2. Validation of the TOPEX/POSEIDON radar altimetry results using ground-based stage
measurements. Gauge data are shown as solid circles, altimetric results as triangles. Time axes are in
intervals of 4 months. Figures a–f show differences in seasonality between river and floodplain. Figures
g–l, with expanded x-axis for clarity, show correlation for rivers with more complex hydrology.
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Figure 2. (continued)
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events, poor knowledge of the altimetric range corrections,
or inadequacy in the data filtering.
[30] In general, good correlation can be observed for the

main stem of the Solimões, the Amazon and the Purus rivers.
The results from pass 139 (Figure 2a, river width �2 km),
pass 063 (Figure 2b, river width �4 km) and pass 152
(Figure 2c, river width �5 km) are clearly able to measure
the true variation of the river level. However, observation of
the water levels in the dry season proves more difficult in
regards to Pass 178 across the Purus (Figure 2e, river width
�1 km). For this narrow river crossing, the chosen geo-
graphical range includes mostly river channel plus one or
two extra echoes from the floodplain. Comparisons between
Figures 2c and 2d and Figures 2e and 2f show how caution
needs to be exercised when selecting a geographical range as
there can be many meters difference in height variability
between river channel and floodplain. The chosen geo-
graphical ranges resulting in Figures 2a, 2b, and 2g and
the result for pass 076 across the Solimões (Table 1)
however, were such that all were initially designated as
floodplain or lake targets, but each appear to reveal good
correlation with the true river stage. This may indicate map
or image river location error.
[31] The narrower channels of the Tarauacá and Araca

rivers probably experience more rapid changes in discharge,
but the altimeter does have some ability to monitor their more
complex hydrology (Figures 2h and 2i) although limited to its
coarse temporal resolution of 10 days. With strong tidal
influences there is a decline in correlation for the Xingu
River (Figure 2k). The altimetric seasonal amplitudes for the
Unini (Figure 2l) are greater than that observed by the gauge
and so the arbitrary y-shift has been applied to best match the
minima levels for visual purposes only. Regarding other
rivers (Table 1), poorer results were observed for the Embira,
situated in a higher relief region (elevation 200–500 m) and
for the Aripuana, Guapore, and Pacaas Noves rivers where a
mismatch between satellite crossing position and gauge
location is causing large discrepancies. The altimeter is also
only able to measure the height changes around water-level
maxima for the Juruá (pass 102, river width�250 m) and the
Purus (pass 076, river width �1 km) rivers where the extra
8 m and 4 m variability respectively, is lost as the instrument
attains lock only on the floodplains. Due to a temporally
incomplete data set, it also proved difficult to correlate the
gauge data with the altimeter results for the Iriri River, which
hampered any true validation for the only Grade C time series
result under consideration.
4.3.3. Discussion
[32] In general, the resulting gauge/altimeter RMS error

values (Table 1) have considerable variability with an
overall mean of �1.1 m RMS and best values 40–60 cm
RMS being obtained for the Amazon, Solimões, Unini and
Xingu rivers. In comparison with previous results [Birkett,
1998], some RMS values are similar (e.g., pass 076/
Solimões and pass 102/Solimões/Tabatinga gauge site)
while others (e.g., pass 139/pass 228/Amazon) are poorer.
The latter degradation could be due to a longer time period
under consideration, but are more likely to be dominated by
the fact that much narrower and more precise geographical
ranges are being utilized here in an effort to isolate the river
channel more accurately. This is also true on the inundated
várzea where, whenever possible, the smallest section of

floodplain closest to the river channel, is desired. In either
case, the reduction in the number of echoes reduces the
overall accuracy previously observed in the earlier study.
[33] The largest RMS errors in Table 1 reflect those time

series which differ markedly at periods of low water (noting
again the difficulty of attaining a narrow river width
observation), have more complex hydrology, or where
tributary inflows within the gauge/satellite separating dis-
tance are affecting the correlation. Overall though, the RMS
error is a small proportion of the range of stage and
generally <15% of the maximum observed seasonal ampli-
tude. In addition, it is clear that the RMS values have some
seasonal and interannual variation. Examples include, pass
254/Solimões where during the 1994/1995 cycle the RMS
reduces to �0.13 m, i.e., comparable to the result found for
the Paraguay River test-case study [Birkett, 1998]. During
1993/1994 the same correlation has an RMS of �0.25 m, a
result also found for pass 076/Solimões (1994/1995) and
pass 139/Amazon (1993/1994).
[34] For those time series representing either river and

floodplain, or floodplain only, height errors are expected to
be larger during periods of low inundation due to the
reduced number of available echoes and the increasing
presence of dry land within the footprint. Thus with a priori
knowledge of the nature of the target, the periods of stage
minima can be excluded from the RMS calculation, to give
some indication of the high-water accuracy. In this way, the
RMS for pass 165 and pass 076 across the Purus River
reduces to 0.72 cm (1 December to 31 May inclusive) and
0.34 cm (1 January to 31 July) respectively, and the RMS
value becomes 0.73 cm (1 January to 1 June) for pass 102
across the largest considered section of the Juruá River.
[35] Because there is little geographical variation in the

accuracy of the T/P orbit, we can assume that these first-
order results are applicable across the basin for rivers of
similar width and drainage area. Note again, the limitations
introduced by gauge/satellite location differences and the
importance of the geographical range selection. It is clear
from Table 1 that separation distance alone is not the single
dominant factor leading to a good correlation as complex
hydrology, and floodplain contamination play important
roles. However, in general, the larger the separation distance
between gauge site and satellite ground track, the poorer the
RMS value. It is interesting to observe that for the Amazon,
Xingu and Solimões rivers, correlations with separation
distances up to �70 km (the former two) and �130 km
(the latter) can still result in RMS error values of <0.70 m
due to the highly dampened hydrology of these low-gra-
dient rivers.

4.4. Case Studies of Altimetric River-Level Variations

[36] Noting RMS errors of the order of tens of centi-
meters, the derived water-level variations of nongauged
locations within the basin can be reliably examined.
Figure 3 shows examples of time series derived from the
T/P instrument. Height values are given with respect to the
satellite’s reference ellipsoid datum and Table 2 gives
details of these targets. Again, care must be taken in the
interpretation of the water levels when at their lowest levels.
Although a full hydrological interpretation of the results is
not under consideration here, Figure 3 does present a range
of targets across the basin.
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[37] The largest seasonal variations (16–18 m) occur in
the Purus (pass 241) and Madeira rivers (Figure 3a), and
some of the smallest (1–1.5 m) are found on the extensive
wetlands near the Amazon estuary (Figure 3b). The values
are comparable to those quoted by Barrows [1985], who
placed an upper limit for seasonal changes in the upper and
middle basin regions of 16–20 m. The limitations of the
instrument and technique in being able to resolve height
variations of only a few tens of centimeters is demonstrated
in Figure 3c. Here, the region under study is along the
foreland basin reach (terrain altitude 100–200 m) of the
Marañon River where the chosen geographical range
includes both channel and floodplain. The radar backscatter
coefficient so (section 4.1) hints at dry conditions (so <
20 dB) around the month of September but suggests water is
present (so � 20 dB) throughout the remainder of the year.
A small seasonal signal (0.5–0.75 m), with associated
increase in so, is discernible during 1993 and 1994 (and
perhaps less so for 1997–1999) indicating greater floods in
these years but drier conditions for the 1995–1996 period.
[38] Figure 3 also shows the general differences in grad-

ing. The Balbina Dam (Uatumã River, Figure 3d) is an
example of a grade A, while pass 214 across the Amazon
River downstream of Óbidos, is classified as a grade B
(Figure 3e) due to more uncertainty (and higher error bars)
at minimum river levels. Although generally excluded from
the acceptance list, Figure 3f demonstrates a typical grade C
for the Negro River, where, despite the overall noise of poor
data, seasonal maxima between May and July can be
observed. Time series with tidal signatures (e.g., Figure 3g,
one of the Amazon channels to the north of the Ilha Grande
De Gurupá) are not graded.
[39] In general, ocean tides in the estuary can have

amplitudes of the order of several meters [Beardsley et
al., 1995], with the semidiurnal tides affecting most of the
islands, and enhanced equinox tides (March and Septem-
ber) affecting the várzea up to 850 km from the ocean
[Sioli, 1984]. Further upstream, the tide can contribute a
significant fraction of the observed river-level amplitude,
and display intense nonlinearities as well. The dominant
oscillations seen in Figure 3g are �60 days, which is the
alias period in T/P ocean data of the principal lunar and
solar tides, M2 and S2 [e.g., Ray, 1998]. In general,
oceanographers remove tidal signals by using a model,
generally one that has been constrained by the altimeter
measurements themselves. Here, as nearby tide gauge
measurements cannot be located, and there is no reliable
numerical model of the river tides, an attempt was made to
remove the signature by fitting sinusoids at known tidal
frequencies (R. Ray, personal communication, 2001). Such
a procedure works reasonably well in both deep-ocean and
coastal waters, given the long T/P time series of ocean
height measurements [Ray, 1998]. In a similar way, major
diurnal and semidiurnal tides, as well as a number of
compound tides up to M6, were fitted to this altimetric
river channel time series. The resulting estimates of tidal
coefficients appear reasonable (e.g., the amplitude of M2
is �95 cm) and semidiurnal phases are consistent across

the frequency band. While the RMS of the time series is
reduced from 0.9 to 0.5 m, the results are still significantly
noisy with no real hint of any seasonality in this section of
the river.
[40] With respect to tidal influences, it is questionable

whether the signal in Figure 3b (pass 126) actually repre-
sents the main stem floodplain. Unlike other targets in the
region, it does not display a typical tidal signature and
visual interpretation of the JERS-1 mosaics and the ONC
maps suggests (1) a region of permanently flooded palm
swamps (which can grow in both fresh and brackish water),
relating to a northern tributary, or (2) there is high ground
between the main stem and the swamp thus restricting the
tidal influence of the main channel. Figures 3h to 3l show
examples of time series collected from more outlying
regions in the basin. The most upstream Negro and Ucayali
locations capable of being obtained by the T/P instrument
are revealed in Figures 3h and 3i. Results for the Guapore
(Figure 3j) and Araguaia (Figure 3k) rivers represent
achievements for some of the most southerly regions in
Brazil. The easy capture of water-level variations for the
Bolivian Mamore/Grande region (Figure 3l and Table 2) are
indicative of floodplain seasonality in this more elevated
(200–500 m) terrain where the channel widths are 200–
300 m but the valley is wide.
[41] Although the altimetric water levels are not refer-

enced to any absolute ground-based system, their accuracy
can still permit regional patterns of seasonality and inter-
annual variations to be observed. Some rivers exhibit
similar seasonal variability, including the Tupana, Tacuia
and Preto rivers on pass 063. The seasonality of the Jufari
River (pass 241) is also comparable to that of the nearby
Negro, and the signature of the Solimões/Amazon main
stem is echoed within the nearby satellite crossings of the
Purus, Nhamundá, Andira, Paraná Madeirinha and Japurá
rivers. In all cases it is assumed that the inundated várzea
of the main stem is the most dominant influence. Consid-
ering interannual and decadal variation of these stage
amplitudes, the hydroclimatology of the basin is affected
by the El Niño-Southern Oscillation (ENSO) and by sea
surface temperatures in the Northern Atlantic [e.g., Richey
et al., 1989; Poveda and Mesa, 1997; Robertson and
Mechoso, 1998; Zeng, 1999]. Regional variability is not
explored in detail here, but for the majority of the Negro
and Solimões/Amazon results (Figures 2 and 3), low stage
amplitudes observed during 1995 and 1998 could be
linked to negative rainfall and streamflow anomalies in
association with the low-warm phase of El Niño. Certainly,
the marked fall in water level for the Balbina Dam
(Figure 3d) took place during one of the strongest El Niño
periods on record.
[42] Due to narrow river widths, it is unlikely that the

majority of the altimetric river time series (Grade B and
poorer) will be estimating the true height of the water level
within the channel during the dry season. Some of the
altimetric results though are direct floodplain observations
and others will be dominated by floodplain hydrology.
Observation of both the floodplain surface water level and

Figure 3. (opposite) Time series of water-level variations from the TOPEX/POSEIDON mission for various locations
across the Amazon Basin. Heights are given with respect to a reference ellipsoid datum. Time axes are in intervals of 4
months. The altimetric variations are connected with a solid line for easier visualization.
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its corresponding radar backscatter coefficient, so, may
lead to consideration of the depth of water stored on the
floodplain over the season. This can be assumed providing
so values descend to the �20 dB wet/dry transition level
after the flooding event. Across the basin, so was found to
vary each season between 20 and 40 dB for many of the
known floodplain targets. To first-order then, the ampli-
tude of the surface height variability can be directly
translated to water depth. Interestingly, the largest so

variation (5–40 dB) can be observed within the inundated
regions of the Araguaia river on pass 228. The 5–20 dB
range could represent further transition periods from small
pools of water to saturated soil, and then to dry land, and
is similar to that observed on the bed of Lake Chad as it

undergoes its annual flooding and evaporation cycle [Bir-
kett, 2000].

5. Main Stem Dynamics

5.1. Timing of Peak Flows

[43] The altimetric results along the main stem emphasize
the large variations in seasonal amplitudes and the variation
in the timing of the peak levels. From west to east, and
including the Marañon in this discussion, the T/P satellite
crosses the Marañon (pass 026), the Solimões (passes 013,
102, 089, 178, 165, 254, 241, 076, 063) and the Amazon
(pass 152, 139, 228, 215, 126) rivers. Table 3 lists the dates
of maximum elevations at each river crossing noting

Table 2. Case Study Targets: Geographical Information and Result Grades

River Target Geographic Range, deg
(lat,lon) to (lat,lon)

Pass Grade

Madeira river/all (�5.60,�60.822) (�5.30,�60.714) 063 B
Amazon* floodplain (�0.46,�51.565) (�0.36,�51.601) 126 B
Marañon floodplain (�4.60,�74.365) (�4.51,�74.602) 191 C/D
Uatumã reservoir (�1.77,�59.448) (�1.69,�59.420) 063 A
Amazon* floodplain (�2.08,�53.890) (�2.00,�53.861) 215 B
Negro river (�0.46,�64.650) (�0.41,�64.633) 165 C
Amazon* river (�0.58,�51.521) (�0.52,�51.543) 126 Tidal
Negro river (�1.10,�62.676) (�1.00,�62.712) 076 B
Ucayali river+ (�6.14,�75.040) (�6.10,�75.056) 204 B
Guapore river+ (�12.60,�63.408) (�12.55,�63.388) 063 B
Araguaia river+ (�10.97,�50.589) (�10.92,�50.607) 050 B
Mamore/Grande river+ (�16.01,�64.730) (�15.96,�64.711) 063 B/C

Target denotes the approximate nature of the terrain based on JERS-1 (for the Solimões or Amazon main stem) and
ONC (all others) locations. River+ indicates the main river channel plus a potential few kilometers of floodplain. River/
all indicates the channel plus a larger expanse of floodplain. Locations with known or possible tidal influences are
denoted by an asterisk.

Table 3. Timing of Peak Flows for the Main Stem and Major Tributaries

River Target Geographic Range, deg
(lat,lon) to (lat,lon)

Pass Date Distance,
km

Marañon river (�4.94,�75.475) (�4.92,�75.481) 204 29 April 4245
Marañon floodplain (�4.60,�74.365) (�4.51,�74.602) 191 28 April 4098
Marañon floodplain (�3.68,�73.092) (�3.63,�73.110) 026 22 May 3611
Napo river+ (�2.39,�73.844) (�2.31,�73.815) 191 13 June –
Solimões floodplain (�3.77,�71.503) (�3.74,�71.492) 013 21 May 3367
Solimões river (�4.07,�70.118) (�4.04,�70.129) 102 24 May 3163
Solimões floodplain (�3.36,�68.522) (�3.33,�68.510) 089 3 June 2832
Putumayo river+ (�2.40,�70.716) (�2.35,�70.733) 102 3 June –
Solimões floodplain (�2.95,�67.684) (�2.86,�67.717) 178 6 June 2697
Juruá river+ (�5.16,�66.892) (�5.08,�66.920) 178 29 March –
Solimões river (�2.49,�65.375) (�2.45,�65.360) 165 16 June 2286
Solimões river (�3.25,�64.743) (�3.15,�64.779) 254 19 July 2137
Japurá river+ (�1.73,�68.120) (�1.61,�68.163) 178 16 June –
Solimões river+ (�4.10,�63.115) (�3.95,�63.064) 241 18 July 1910
Solimões floodplain (�3.91,�61.673) (�3.88,�61.681) 076 2 July 1729
Purus river+ (�5.73,�63.702) (�5.70,�63.693) 241 20 April –
Solimões* river/all (�3.43,�60.042) (�3.21,�59.962) 063 12 June 1506
Negro river (�1.40,�62.153) (�1.17,�62.069) 241 9 July –
Amazon* floodplain (�3.52,�58.975) (�3.30,�59.054) 152 15 June 1380
Madeira river/all (�5.60,�60.822) (�5.30,�60.714) 063 3 April –
Amazon* floodplain (�2.80,�56.982) (�2.64,�56.925) 139 15 June 1046
Amazon* floodplain (�2.59,�56.478) (�2.51,�56.503) 228 18 June 996
Tapajós river (�4.25,�55.880) (�4.20,�55.896) 228 1 May –
Amazon* river/all (�2.19,�53.782) (�1.86,�53.900) 050 3 May 603
Amazon* floodplain (�2.08,�53.890) (�2.00,�53.861) 215 29 April 599
Xingu river (�4.93,�52.799) (�4.85,�52.829) 050 24 March –
Amazon* floodplain (�0.46,�51.565) (�0.36,�51.601) 126 25 May 245

Date denotes the approximate time of peak river level in 1994; those in italics refer to major tributaries of the Solimões/
Amazon main stem. Distance is from the satellite ground track position to the ocean for the main stem. Definition of
Target and tidal (*) as in Table 2.
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comparable dates for those satellite passes in close prox-
imity to each other (pass 139/pass 228, pass 050/pass 215).
The pass 126 results may be reflecting permanent palm
swamp, and some of the Solimões/Amazon results are from
the floodplains which may experience delayed storage
effects. Nonetheless, observation of all the seasons within
the �7.5-year data set suggests that river levels generally
peak upstream around May and mid-main stem by June/
July in agreement with Sternberg [1975]. Maximum levels
downstream peak during the month of May. This reversal
in timing results from the flow contributions of the Negro,
Madeira, Tapajos and Xingu Rivers [Meade et al., 1991].
Figure 4 shows both the amplitude and peak-level timing
differences of the main stem targets for one season during
1993/1994. The topmost curve represents the most westerly
position on the main stem, the lowest curve the most
easterly. The upstream double peaks (passes 026, 013,
102, 165 and 254) are characteristic of these river reaches
[Richey et al., 1989]. The exact location of the reversal in
peak-level timing is not clear, but appears to occur between
pass 241 and pass 152.
[44] The timing of the major tributary inflows can also be

determined and compared to the peak-level timing of the
nearest crossing on the main stem (Table 3). Disregarding
those tributary results closest to the Solimões/Amazon
floodplains, those peaking earlier than the main stem
include the southern tributaries, the Juruá, the Purus and
the Madeira (all peaking �2.5 months earlier), and the
Xingu River (�1.5 and �2 months prior to pass 050/pass
215 and pass 126 respectively). The Japurá peaks �1 month
earlier. The Tapajós River also peaks �1.5 months prior to
the pass 139/pass 228 pair, but peaks at the same time as the
main stem (as does the Putumayo River) when considering
the downstream pass 050/pass 215 pair. Those rivers peak-
ing later than the main stem include the northern tributaries,
the Napo and the Negro (both �1 month).
[45] For each year, the difference in timing of the peak

levels between pass 013 on the Solimões and the pass just
prior to the noted peak-level timing reversal can be com-
bined with estimated pass separation distances (Table 3 and
section 5.2.1) to give an approximation of the flow velocity
of the peak flood wave. Such flow velocities vary for each
year ranging from �0.25 m/s for 1995 to �0.85 m/s for
1993. The year 1993 appears to be the exception, and
excluding this reveals a mean velocity for the 1994–1999
period of 0.35 ± 0.05 m/s, or �30 km per day. Based on the
use of gauge data and the Muskinum routing method
[Dooge et al., 1982], this value is in agreement with the
flood-wave travel velocity of 0.30 m/s calculated by Richey
et al. [1989] for a 2000 km reach between São Paulo de
Olivença and Obidos. With an estimated 3367 km from the
position of pass 013 to the mouth of the Amazon river, and
ignoring backwater and storage effects, the calculated
altimetric velocity confirms that it would take �3.5 months
for water from the upper end of the Solimões reach to arrive
at the ocean.
[46] The rate of river-level rise and fall can also be

examined at each of the main stem locations. Excluding
pass 089 due to poor data, introducing appropriate phase-
shifts, and ignoring the time periods approaching maximum
water level (e.g., mid-March to mid-July for pass 228)
intercomparisons of the results in Figure 4 can be made.

A typical rate of river-level rise is �3.5 cm/day for the
Marañon (pass 026) and the Solimões/Amazon main stem
(from pass 013 to pass 215). This decreases to �1 cm/day
for the floodplain estuary region. Rates of level decrease
gradually reduce in magnitude from west to east, e.g., �16
cm/day (Marañon/pass 026), �7 cm/day (Solimões/pass
063), �2 cm/day (Amazon/pass 215), �0.5 cm/day within
the estuary region.

5.2. Water-Surface Gradient

[47] Knowledge of a river’s gradient is important when
considering sediment transport and the calculation of flood-
wave propagation. The central portion of the Amazon main
stem is characterized by a great plain with an estimated
slope of a few centimeters per kilometer [Salati and
Marques, 1984; Sioli, 1984; Nordin and Meade, 1986;
Meade et al., 1991]. These gradient values were determined
from coarse barometric estimates of elevation at widely
spaced gauging stations. Due to the size of the river and
the nature of the terrain, detailed ground-based surveys
have been few and local, and so the variation of the river
gradient as a function of distance and time has not been
measured.

Figure 4. Observed amplitude and peak-level timing
differences for various river locations situated on the main
stem of the Marañon (pass 026) and the Solimões/Amazon
(all others) for the 1994 season. Results from each satellite
pass (e.g., p026) have been arbitrarily shifted by a
constant amount along the y-axis for visual clarity. Rising
limbs for pass 089 and pass 178 have been omitted due to
poor data.
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5.2.1. Spatial Variability
[48] Guzkowska et al. [1990], Cudlip et al. [1990],

Mertes et al. [1996], and Dunne et al. [1998] examined
the gradient of the main stem using altimetric data from the
Seasat mission. During its short life span, the satellite
performed 32 crossings over the main stem during the
only 17-day repeat cycle, 26 July to 11 August 1978. Due
to constraints on data quality, roughly half of these
crossings were used to create an elevation profile of the
river (Figure 5). For some locations, height measurements
from the várzea had to be substituted for the river channel,
no allowance was made for the effects of ocean tides, and
decimeter-scale variations in river level within the 17-day
observation period were not accounted for. Resulting river
gradients were found to range from 2.9 cm/km (1000–3000
km inland) to 7.5 cm/km (4000 km inland) [Guzkowska et
al., 1990; Cudlip et al., 1990], and 1.0–4.5 cm/km for the
reaches <3800 km from the river mouth [Mertes et al.,
1996; Dunne et al., 1998]. The precision of the altimetric
measurements was estimated to be 10 to 20 cm RMS
depending on the number of target echoes, with an overall
altimetric height accuracy of �1 m stemming mostly from
poor knowledge of the Seasat orbit. Resulting gradient
accuracy was placed at �10%. However, the quoted
height and gradient accuracy’s excluded errors introduced
by the utilization of the early GEM-10B geoid model [Lerch
et al., 1981]. This model utilized a set of spherical harmonic
coefficients complete to degree and order 36 thus addressing
low-frequency (l� 1000 km) geoid undulations only.With a
resolution of �500 km, it potentially contained errors of
many meters.
[49] An analysis of the main stem T/P gradient can now

be performed with 17 new locations along the main stem,
from the Marañon River to the estuary (Table 3). For passes
204, 102, 165 and 254, the river channel itself is being
measured, but some floodplain is being incorporated into

the results for passes 241 and 063. The floodplain result for
pass 152 is utilized due to better signal recovery, and for the
remaining 11 passes, results are also most likely to be
measuring floodplain only. Results from passes 126, 089
and 191, are also included with caution, due to tidal
influences (the former) and poor time series (the latter
two). As with the Seasat analysis, tidal effects are not
accounted for, but the longer T/P life span and resulting
time series at each location, enable river-level variations
along the main stem to be interpolated to any one given day.
The precision of the T/P altimetric heights remains the same
as Seasat, but the accuracy of the T/P orbit, �2/3 cm rms, is
a great improvement. Furthermore, river heights can be
translated into a more accurate orthometric system via the
use of the JGM-3/OSU91A [Rapp, 1992, 1994; Tapley et
al., 1996] or EGM96 [Lemoine et al., 1998] geoid model
datum. The former is a combined model, JGM3 represent-
ing the geoid solution to degree and order 70, and OSU91A
degree and order 71 to 360. The EGM96 geoid is given to
degree and order 360. JGM3/OSU91A is available on the
T/P GDRs, is computed with respect to a mean tide system
and is based on the reference ellipsoid of the satellite
mission. EGM96, is available via the National Imagery
and Mapping Agency (NIMA), is based on a tide-free
system and is given with respect to the WGS80 reference
ellipsoid.
[50] The errors in the geoid undulations are calculated

from a propagation of the covariance of each geoid solution
to a particular degree and order. Such errors are estimated to
be �1 m for JGM3 and �0.35 m for EGM96 for each main
stem crossing (F. Lemoine, personal communication, 2001).
These values represent the RMS error at each location due
to all terms in the geopotential to degree and order 70. With
the lack of fine resolution input from ground-based Amazon
surveys, geoid errors for the higher order terms (degree 71
to 360, and higher) are unknown. The overall error has the

Figure 5. TOPEX/POSEIDON (solid and dashed line) and Seasat (dotted line) elevation profiles of the
Amazon River. Heights are with respect to the EGM96 or JGM-3/OSU91A (T/P) and GEM-10B (Seasat)
geoid models and are given for 1 June 1996 for T/P and July/August 1987 for Seasat. Satellite pass
numbers are given above each point.
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potential to be twice as large based on a comparison of the
models between the two degree and order solutions
[Lemoine et al., 1998, pp. 10–36]. However, this estimate
is based on a global RMS comparison, and the actual geoid
undulation errors may have significant geographic varia-
tions. As a first approximation therefore, �1 m (JGM3/
OSU91A) and �0.35 m (EGM96) are the assumed geoid
errors for the gradient analysis.
[51] Distances from the coast to each satellite crossing

point were measured from a selected coastal location,
namely the coastal boundary (0.76�lat, �49.87�lon) of the
northernmost river channel that descends to the north of the
Ilha Grande de Gurupá. The measurements were computed
by plotting the crossing locations onto the JERS-1 georefer-
enced radar mosaic [Chapman et al., 2002] and a Landsat
mosaic (L. Mertes, personal communication, 2001) within a
GIS-based system. A transect tool was utilized to follow the
river channel center (or thalweg). The precision of the
distances was estimated to be �0.5% of the reach length,
due mostly to errors in the determination of the exact path of
the thalweg through complex river geometry. With such
estimated distances, main stem orthometric heights can be
observed as a function of distance from the river mouth.
[52] Low-water river gradients are considered to be more

representative of the average channel bed slope while high-
water gradients are more relevant to flooding and sediment
transport mechanisms. The altimeter has data acquisition
limitations during low-water periods (section 4.1). In addi-
tion, many of the utilized time series are reflecting flood-
plain variations where low-water elevations can be several
meters higher than the river. Examination of high-water
results therefore minimizes both error contributions.
Figure 5 shows the resulting river elevation profile for a
typical high-water period, 1 June 1996. The Seasat profile
has been included as a comparison noting the GEM-10B
coastal errors with height values 5–10 m below mean sea
level. The two new geoid data show no evidence of a
‘‘bulge’’ in the gradients between 3000 and 4000 km
upstream which was originally suggested by Cudlip et al.
[1990] to be related to the onset of the wet season and the
migration of the flood wave.

[53] Utilizing the more accurate EGM96 geoid, and ex-
cluding passes 139 and 228 due to the small separation
distance, pairs of remaining satellite passes reveal the
gradient for every river reach. Figure 6 shows the average
gradient profile (1993–1999) for the high-water date, 1
June. The displayed error bars, with values ranging from 0.1
to 0.45 cm/km, denote the theoretical absolute error of each
gradient estimate, noting that these error values are typical
of each individual year. The standard deviation about each
mean gradient value is <0.15 cm/km, with the noted
exception of pass pair 026/013 (0.34 cm/km). The cause
of this larger high-water interannual variability is unknown
but is noted to occur in the section that includes the inflow
of the Napo River. Overall, there is a general decline in
gradient from �3.7 cm/km (2900–4000 km upstream), to
�1.6 cm/km (800–1020 km upstream), the values similar to
those observed with the Seasat data. With additional gra-
dient information upstream (>3400 km) and at pass pair
063/152, the T/P profile is smoother than observed with
Seasat having less pronounced increases in gradient leading
up to the locations of three structural highs, the Purus Arch,
the Titled Fault Block, and the Jutaı́ Arch, which are
situated transversely to the river path direction [Dunne et
al., 1998].
5.2.2. Temporal Variability
[54] The seasonal pattern of the water-surface gradient

along a river reach is the combined result of the hydrological
inputs to that river section and its conveyance capacity. Thus
a flood wave passing through a river system with low bed
gradients can significantly alter water-surface slope. With
noted caution concerning the accuracy of low-water
gradients due to instrument failure, the seasonal variation
of altimeter-derived gradients for the 1995/1996 cycle can be
observed in Figure 7. As the time varying component of the
gradients is being explored, the error bars reflect the
altimetric height (reference ellipsoid datum) error only. To
a first approximation, high-water months (more solid
symbols) are taken to be March–July, and low-water
months are August–January. For visualization, the average
gradients for these low- and high-water periods are
highlighted.

Figure 6. Spatial variability of the average (1993–1999) water-surface gradient for 1 June. Each value
represents the reach between adjacent TOPEX/POSEIDON satellite crossings. The approximate locations
of the axes of arches and buried bedrock ridges are indicated as JA = Jutaı́ Arch, TFB = Tilted Fault
Block, PA = Purus Arch, MI = Monte Alegre intrusion and ridge. Distances refer to the center position
between the satellite pass pair.
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[55] For each river reach there is a spread in gradient
values, the largest occurring across the central section of
the main stem. Moving from reach to reach, there are also a
number of suggested gradient reversals where the larger
values are observed for the high- or low-water periods
alternately. In particular, as the river flows downstream,
steeper to shallower gradient reversals for the high-water
periods are noted as the river descends off the Jutaı́ and Purus
Arches and theTilted Fault Block (JA, PAandTFB, Figure 7).
With variable degree of magnitude, the majority of the
reversals observed in Figure 7 occur in five of the other
seasonal cycles within the observation period (1992–1999).
The noted exception is 1993/1994 where the high and low-
water gradients approximate to similar values for each river
reach.
[56] The larger, low-water gradients of pass pair 063/152

agree with the suggested influences of the Madeira, Tapajós
and Xingu tributaries [Meade et al., 1985;Meade et al., 1991,
and based on gauge measurements of water-surface eleva-
tion] for the Manacapurú to Óbidos reach. Water-surface
gradients derived from vertical velocity profiles at specific
locations within the main stem [Dunne et al., 1998, section
5.2.3] also suggest smaller gradients during rising water at
Óbidos due to the offset of seasonal influxes from the
Madeira and Negro rivers due to the passage of the annual
flood waves in those tributaries and the main stem. Unlike
063/152 though, the more easterly altimetric pair 152/139,
show no clear indication of this, and by pair 228/215
(Figure 7), a reversal of this trend is suggested. Dunne et
al. [1998] additionally stated that surface gradients at several
locations upstream of Manaus are approximately twice as
great during rising water as those during falling water.
Regarding magnitude and phase, this confirms the trend
observed by several of the pass pairs (076/063, 254/241,

102/178), but not all. The discrepancies may point to time
differences between the data sets noting the potential sea-
sonal and interannual variability of the river gradients, and to
the greater errors inherent in the low-water altimetric values.
However, the repeatability of the reversals for the majority of
the seasons gives a measure of credibility to the altimetric
sampling of the main stem, and could be reflecting differ-
ences in peak-level timing due to the other tributary inflows.
5.2.3. Hysteresis Characteristics
[57] The river gradients determined by Dunne et al.

[1998] can be reexamined here in detail to gain further
insight into the nature of the flood wave and to validate the
altimetric results. The ground-based values are based on the
relationship between water-surface gradient [so + dh/dx] and
the vertical profile of flow velocity. The method assumes a
unidimensional, gradually varied flow, where so is the
channel bed gradient, h is the flow depth and x is the
distance downstream. The spatial derivative, dh/dx, is
similar to or larger than so in a large lowland river, and is
proportional to the rate of change of the water-surface
elevation (and therefore of discharge) if the flood wave
moves substantially as a kinematic wave without subsidence
or diffusion as it passes the measuring point:

dh=dx ¼ dh=dt½ �=c ð1Þ

where t is time and c is the kinematic velocity of the flood
wave [Henderson, 1966, Chaps. 8 and 9].
[58] Dunne et al. [1998] calculated such gradients, dh/dx,

based on the measurement of vertical velocity profiles
obtained at several gauge locations within the main stem.
Approximately 1400 profiles were gathered by ANEEL
between 1976 and 1977 at four main stem stations (São
Paulo de Olivença (SPO), Santo Antônio do Içá (SAI),

Figure 7. Temporal variation of altimetric water-surface gradients for the 1995/1996 season. Error bars
for each date reflect the accuracy of the altimeter measurements. Distances are to the midpoint of the
satellite pass pair. High-water measurements (March, April, May, July) are represented by solid symbols.
The average high- and low-water gradients are denoted by solid and dashed lines, respectively. Ground-
based velocity profile measurements were additionally obtained at five gauge locations: São Paulo de
Olivença (SPO), Santo Antônio do Içá (SAI), Itapeuá (ITA), Manacapurú (MAN), and Óbidos (OBI).
Positions of major tributary inflows are marked and the definition of structural arches and ridges are
given in Figure 6.
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Itapeuá (ITA) and Manacapurú (MAN)). Seven profiles
were additionally measured between 1963 and 1987 at the
Óbidos (OBI) gauging station by ANEEL, various United
States Geological Survey (USGS) personnel, and by Dunne
et al. [1998]. For a given day, the depth-weighted average
gradient was calculated based on the velocity profiles
measured at each river cross-section. The magnitude of the
gradients was found to vary spatially and temporally with
values in the range 1.9–7.4 cm/km (SPO), 3.2–7.7 cm/km
(SAI), 1.5–5.7 cm/km (ITA), 2.4–4.1 cm/km (MAN) and
0.4–2.9 cm/km (OBI) (Figure 8). The larger range of values
than those obtained by the altimeter (Figure 7), particularly
the steeper gradients observed during rising and high
waters, may reflect differences between a gradient deduced
from a cross-section (velocity profiles) as opposed to an
average over a river reach (altimetry). In addition, the low-
water altimeter gradients may not be true representations
due to the incorporation of floodplain elevations.
[59] Using river elevation (with respect to the JGM3/

OUS91A geoid datum) as a surrogate for discharge,
Figure 9 displays the altimeter gradients in a similar way to
Figure 8 with a selection of pass pairs that contain the
locations of the ground-based measurements (SPO, MAN)
or which represent an upstream reach (OBI). Despite the
mismatch in range of absolute values, the seasonality of the
water-surface gradient observed by both methods is compa-
rable at each location. At São Paulo de Olivença (Figures 8a
and 9a) and Manacapurú (Figures 7b and 9b) there is a
clockwise hysteretic relationship between gradient and dis-
charge. This pattern was also observed by the ground-based
measurements at Santo Antônio do Içá and Itapeuá. Here,
gradients increase on both the main and subsidiary rising
limbs of the hydrograph as the passage of the flood wave
forces dh/dx to becomemore negative. Gradients then decline
before the peak discharge arrives and continue to decline on
the recessional limb as dh/dx becomes positive. The seasonal
pattern of gradients at Óbidos (Figures 8c and 9c) is the
reverse of this upstream pattern. The hysteresis (defined by
measurements from different years) is now counterclock-
wise, suggesting overall control via the differential timing of
major tributary inflows rather than translation of a simple
flood wave. The compatibility between both sets of annual
hydrographs gives an additional measure of validity to the
altimetric gradients.

6. Conclusions and Future Research

[60] The T/P (NRA) radar altimeter has the ability to
monitor variations in surface water height for a selection
of rivers and floodplains in the Amazon Basin. It can
thus contribute a new elevation data set to the LBA
Hydrometeorology program. Analysis over an �7.5-year
mission period shows that stage variability with an �10-
day repeat period, can be observed for 30–50% of the
initial 230 target selection, the range reflecting the clarity
of the variations in lieu of instrument limitations. An
assessment of the instrument performance confirms that
the minimum river width attainable is �1 km in the
presence of some water on the floodplains and that this
inundation is crucial to data quality even in regions of
high relief. The temporal resolution can reveal some of
the more complex river hydrology, and good results can

be acquired for a wide variety of river types across the
basin.
[61] First-order validation exercises reveal that the

deduced 1992–1999 time series have variable accuracies
(mean �1.1 m rms) with the best results (0.4–0.6 m rms)
being obtained from the Solimões, Amazon, Xingu andUnini
rivers. This accuracy though can be highly variable being
dependent on the target width (river channel or floodplain)
and study season. In comparison with ground-based gauge
measurements these values could be considered poor but they
do allow for general interannual and seasonal intercompar-
isons across the basin. In addition, the results indicate how
new data can be obtained at ungauged locations, with
particular relevance to main stem sites, floodplains and major
wetland zones. Because absolute basin elevations are still
unknown, the assembly of the T/P river heights into one
reference datum is also an advantage when considering river
gradients and overall basin hydrodynamics. The resulting
spatial and temporal variability of the main stem gradient
compares well with ground-based estimates suggesting that
gradient patterns for other major tributaries lacking elevation
control, is viable with this technique.
[62] There is the need to further explore the use of

synergistic imagery to more accurately define the location
of the river channel when variations of water level are
sought that exclude floodplain influences. In addition, more
research is required concerning the transformation of the
reference ellipsoid- or geoid-based elevations to the datum
utilized by the ground-based gauges. A future requirement
to improve the accuracy of the river-level time series is also
needed. In particular, the raw echo data set and the effect of
surface slopes (section 3.1) will be examined in more detail.
In addition, within the scope of the LBA program, radio-
sonde and tide gauge measurements will be sought to
reexamine the effects of atmospheric humidity and to
attempt to remove tidal signatures from coastal river targets.
[63] With the advent of the gravity mission, GRACE

(launch in �2001), there is additional scope for improve-
ment of the Amazon Basin gravity model, resulting in a
more accurate evaluation of the main stem gradient and its
variability. The resulting T/P time series data set itself will
be updated to cover a 9-year time span and with the aid of
the JERS-1 high-water mosaic, further targets showing
significant floodplain inundation will be identified and
water variations determined. A full examination of the
ERS satellite data set will also commence. This latter
mission has a more reduced temporal resolution (�35 days)
but will offer higher spatial coverage of the basin with the
possibility of attaining rivers of narrower (<1 km) width.
With the new radar altimetric missions ENVISAT and
Jason-1, and the prospect of examining the height data
from the forthcoming lidar mission, ICESAT (launch in
2002), there is the potential to contribute >10 years of
water-level data to the LBA community for use in a number
of interdisciplinary projects.

[64] Acknowledgments. The authors thank the referees and J. K.
Ridley for valuable comments on the manuscript. Appreciation also goes to
R. Ray and F. Lemoine for assistance with tidal analysis and geoid model
evaluations, respectively. The authors also acknowledge the AVISO
(through CNES) and NASA (JPL/GSFC) ground segments for the provi-
sion of the merged TOPEX/POSEIDON products. The ANEEL daily river
stage data was obtained from http://hidroweb.aneel.gov.br. This research

LBA 26 - 18 BIRKETT ET AL.: SURFACE WATER DYNAMICS IN THE AMAZON BASIN



River Discharge (thousands of m3 s-1)

C
om

pu
te

d 
W

at
er

 S
ur

fa
ce

 G
ra

di
en

t (
cm

/k
m

)

C
om

pu
te

d 
W

at
er

 S
ur

fa
ce

 G
ra

di
en

t (
cm

/k
m

)

C
om

pu
te

d 
W

at
er

 S
ur

fa
ce

 G
ra

di
en

t (
cm

/k
m

)

River Discharge (thousands of m3 s-1)

River Discharge (thousands of m3 s-1)

Figure 8. Variation in water-surface gradient calculated from vertical velocity profiles during the
passage of the annual flood wave at three gauging stations. The arrows indicate the sequence of measured
velocity profiles at São Paulo de Olivença (A), Manacapurú (B), and Óbidos (C). The measurements at
the former two were made in successive months, while those for Óbidos span several years. In all cases,
the arrows indicate the direction of the seasonal discharge changes.
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