
GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 3, NO. 3, PAGES 191-204, SEPTEMBER 1989 

SOURCES AND ROUTING OF THE AMAZON 
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Abstract. We describe the sources and routing of 
the Amazon River flood wave through a 2000-km 
reach of the main channel, between Silo Paulo de 
Olivenqa and Obidos, Brazil. The damped hydrograph 
of the main stem reflects the large drainage basin area, 
the 3-month phase lag in peak flows between the 
north and south draining tributaries due to seasonal 
differences in precipitation, and the large volume of 
water stored on the floodplain. We examined several 
aspects of the valley floor hydrology that are important 
for biogeochemistry. These include volumes of water 
storage in the channel and the floodplain and the rates 
of transfer between these two storage elements at 
various seasons and in each segment of the valley. We 
estimate that up to 30% of the water in the main 
stem is derived from water that has passed through the 
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floodplain. To predict the discharge at any cross 
section within the study reach, we used the Muskingum 
formula to predict the hydrograph at downriver cross 
sections from a known hydrograph at upstream cross- 
sections and inputs and outputs along each reach. The 
model was calibrated using three years of data and was 
successfully tested against an additional six years of 
data. With this model it is possible to interpolate 
discharges for unsampled times and sites. 

INTRODUCTION 

The water and dissolved and particulate materials 
observed in the main channel of the Amazon and 

other large floodplain rivers are the products of 
drainage basin processes occurring across widely 
varying temporal and spatial scales [Welcomme, 1979; 
Richey et al., 1989a]. An understanding of how these 
substances are routed from precipitation through their 
drainage systems to the oceans would yield important 
information on the processes controlling regional-scale 
hydrological and biogeochemical cycles [Gildea et al., 
1986; Richey and Ribeiro, 1987; Vorosmarty et al., 
1986]. Of particular importance for biogeochemistry are 
the storage of water in various parts of the drainage 
system for time periods of weeks, and the transfer of 
this water between the various physiographic reservoirs. 
Analyses of routing done on spatial scales of tens to 
hundreds of kilometers over time periods of weeks 
would be compatible in scale with the land-atmosphere 
interfaces represented by general circulation models 
[Dooge, 1982]. 

Data on the chemical composition of large rivers 
are increasing [Degens and Kempe, 1982; Meybeck, 
1982; Naiman, 1983; Sedell et al., 1989; Degens et al., 
1989; Richey et al., 1989a]. However, little progress has 
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Fig. 1. The Amazon drainage basin. CAMREX main stem sampling stations include Vargem Grande 
(VGr), Santo Ant6nio do Ic• (between Vargem Grande and Xibeco, not shown), Xibeco (Xib), Tup6 
(Tup), Jutica (Jtc), Itapeua (Ita), Anori (Ano), Manacapur6 (Man), Silo Jos6 do Amatari (SJA), Paura 
(Pau), and Obidos (Obi). DNAEE gaging stations include Silo Paulo de Olivencsa (SPO), Santo 
Ant6nio do I(;fi, Itapeua, Manacapur6, and Obidos. Major tributaries are indicated by name. Ungaged 
channels and small tributaries passing through the floodplain include the Auati (At), Aranapu (Ar), 
Copea (Cp), Autaz (Az), Urucara (Ur), Uraria (Ua), and Nhamunda (Nh). 

been made to date on studies of large-scale catchment 
behavior, particularly in tropical basins. Heterogeneity 
of the environment with regard to runoff-producing 
mechanisms, measurement and logistic realities, and 
differences in response between smaller and larger 
catchments make it difficult to extrapolate from one 
site to larger areas [Pilgrim et al., 1982; Beven, 1983; 
Dooge et al., 1982; Richey et al., 1989b]. 

In this paper we analyze the sources and routing of 
water in the Amazon River flood wave over a 2000- 

km reach of the main stem (Figure 1). This study 
reach includes most of the important tributaries of the 
Brazilian Amazon, and is demarcated by the last 
upriver and downriver gaging stations, at Silo Paulo de 
Olivencsa and Obidos. Our overall emphasis is on 
developing flow-routing models for the main stem 
which summarize information on sources of water and 

can be readily incorporated into analyses of carbon and 
nutrient cycling. Concentrating the analysis on the 
main stem is a logical step toward understanding basin- 
wide flow regimes under natural and perturbed 
conditions. 

To assess the flux balance of water which 

constitutes the basis of our analysis, we (1) define the 
discharge regime of the main stem and major 
tributaries by compiling discharge hydrographs at four 
gaging stations on the main stem and at the most 
downriver stations of eight of its major tributaries; (2) 
estimate the magnitude of inputs from ungaged 
channels and the net exchange of water between the 

main stem and its extensive floodplain from 
computations of potential runoff, change in storage, 
and isotopic $180 mass balances; and (3) use a 
Musldngum model as a summary flow model to 
calculate the time rate of change of flow in the 
Amazon main stem at 20 cross-sections over the length 
of the study reach. 

This research is part of the CAMREX (Carbon in 
the Amazon River Experiment) project, a joint U.S.- 
Brazil study of the hydrology, sediment transport, and 
biogeochemistry of the Amazon River basin [Richey et 
al., 1980; Meade et al., 1985; Richey et al., 1986; 
Richey and Ribeiro, 1987; Hedges et al., 1986a,b; Ertel 
et al., 1986]. 

THE AMAZON RIVER 

The Amazon basin, with an area of 6 million km 2 
containing the largest stand of tropical rainforest in 
the world, contributes 20% of the global river 
discharge to the oceans, and condensational energy 
release from convective precipitation is of sufficient 
magnitude to influence global climatic patterns [Paegle, 
1987]. Fluctuations in the Intertropical Convergence 
Zone induce wet and dry seasons in alternating seasons 
in the northern and southern sides of the basin 

[Hjemfelt, 1978; Salati et al., 1979]. Precipitation 
ranges from less than 2000 mm/yr in the extreme 
northeastern and southern parts of the basin, to more 
than 3500 mm/yr in the northwest lowlands, and 
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increases to 7000 mm/yr on the east side of the Andes. 
South of the equator there is a distinct dry period 
from June to August, whereas north of the equator the 
dry period lasts from January to March. Approximately 
fifty percent of rainfall is transformed into runoff; the 
balance is recycled via evapotranspiration from the 
forest [Villa Nova et al., 1976; Salati et al., 1979; 
Lettau et al., 1979]. 

The River System: Silo Paulo de Olivenfa - Obidos 

The main channel of the Amazon (the Rio 
SolimP)es above the confluence with the Rio Negro] at 
Silo Paulo de Olivencsa carries water primarily of 
Andean origin. Of the northern tributaries downriver 
of Silo Paulo de Olivencsa, the Rios I• and Japur•i 
originate in the Andes and cross the Subandean 
Trough and central plain to reach the main stem. The 
Rio Negro drains primarily the caatinga [Sioli, 1975] 
forest on the Planalto alas Guianas, and its major 
tributary, the Rio Branco, drains a drier savannah 
region. Of the southern tributaries, the Rios Jutat, 
Juru•i, and Purds drain the Subandean Trough and the 
central plain, while the Rio Madeira originates in the 
Bolivian Andes and then passes across the Planalto 
Brasileiro and the central plain. The Rio Trombetas 
drains crystalline shields, and enters the main stem via 
a large "mouthbay"[Sioli, 1975]. Numerous smaller 
tributaries drain exclusively lowland regions into the 
main channel or into the floodplain, while large 
"aranas"act as diversion canals between the main 
channel, floodplain, and tributaries, with the flow 
direction often depending on river stage. 

In the reach between Silo Paulo de Olivencsa and 
Obidos, floodwaters and direct precipitation regularly 
inundate about 40,000 km 2 of floodplain ("arzea" 
[Iriondo, 1982; Mertes, 1985] through an extensive 
network of drainage channels ("paranas" and overbank 
flow during the 7- to 10-m rise and fall of the river 
over the course of a year. Approximately 10,000 km 2 
are covered by thousands of permanent lakes that 
ranse in size from less than a hectare to over 600 
km', and are typically 6-8 m deep at high water 
[Melack, 1984]. As the river falls, land is reexposed 
and the lakes become isolated from the main channel, 
with depths decreasing to 1-2 m. Determining the 
relative distribution of main stem versus local sources 

of water for the varzea is important in analyzing the 
nutrient cycling of the region [Forsberg et al., 1988] 
and for estimation of the extent of biogenic gas fluxes; 
floodplains are an important source of methane to the 
troposphere [Richey et al., 1988; Devol et al., 1988] 

Discharge Regime: Measurements and Data Sources 

The overall flux balance we wish to evaluate over 

the study reach is 

Qsm = Qin + Qtr + Qex- Qot (la) 

where the flows include import from upriver (Qin), 
import from major (gaged) tributaries (Qtr), net water 
exchange between the varzea and main channel (Qex), 
output at the downriver cross section (Qot), and 
change in main stem storage (Qsm)' 

The exchange between the main stem and varzea is 

Qex = Qvm- Qmv (lb) 

where Qvm is flow from the varzea to the main stem 
and Qmv is flow from the main stem to the varzea. 
The flux balance for the varzea is 

Qsv = Qp ' Qex ' Qev (lc) 

where Qsv is storage on the varzea, Qp is import from 
ungaged paranas or minor tributaries to the varzea and 
precipitation directly on the varzea and adjacent local 
drainage areas, and Qev is evaporation from the 
varzea. We now evaluate the terms in (1). 

Main stem and major tributary discharge. Daily 
measurements of river stage in the Amazon basin were 
started in 1972 by the Departamento Nacional de 
Aguas e Energia E16trica (DNAEE), following the 
pioneering measurements of Oltman et al. [1964]. 
Gaging stations have been maintained for varying 
periods of time at six sites along the main stem and at 
sites along major tributaries (Table 1). Stage heights at 
these stations are recorded twice daily by local 
observers, and are archived in the Sistema de 
Informaq6es Hidrometeoro16gicas (SIH) of DNAEE. 
We converted the stage heights into water discharge 
(Qin, Qot, Qtr) using rating curves based on 
bimonthly or trimonthly current meter measurements 
of discharge by DNAEE field crews and by CAMREX 
(see below). Use of the term "ischarge"in this paper 
implies a daily average value. 

The main stem DNAEE gaging stations are not 
close enough to each other to determine either the 
details of input from local ungaged tributaries and 
channels or the magnitude of water exchange between 
the floodplain and main channel. To provide finer- 
scale resolution of discharge, we made current meter 
measurements at eleven stations along the main stem 
and at seven tributary stations (located less than 100 
km upriver of the main stem of the Amazon (Figure 
1)) on nine cruises over a three-year period (1982- 
1984) at different parts of the annual hydrograph 
[Richey et al., 1986]. For subsequent mass balance 
calculations, errors (1 •) associated with the water 
discharge measurements and with dissolved chemical 
flux measurements are 2.5% and 5%, respectively 
[Richey et al., 1986, 1989a]. 

Ungaged flows: storage, paranas and varzea exchange. 
We made several direct measurements of the discharge 
of the smaller ungaged paranas and tributaries, but not 
with sufficient frequency to determine annual patterns. 
Here we estimate these ungaged flows from basin area, 
precipitation, and a rainfall-runoff coefficient. 
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TABLE 1. DNAEE Gaging Stations 

Drainase % of Basin 
Period of Area," Distance, c Downriver 

Station a Record 103 km 2 km of Station 

S•to Paulo de Olivencsa (3ø27'S 68ø55'W) 1974-1985 990 0 
Santo Ant6nio do I• (3ø02'S 67ø53'W) 1974-1985 1163 140 
Itapeua (4ø02'S 63ø00'W) 1975-1985 1821 994 
Manacapur• (3ø19'S 60ø33'W) 1973-1985 2233 1306 
Obidos (1ø56'S 55ø30'W) 1972-1985 4640 2039 
Rio I• (2ø59'S 69ø35'W) 1980-1985 150 260 10.1 
Rio Jutal (2ø48'S 67ø05'W) 1979-1983 65 30 0.0 
Rio Juru•t (4ø50'S 66ø45'W) 1973-1985 1865 83 14.7 
Rio Japur•t (1ø48'S 66ø33'W) 1974-1985 331 340 5.3 
Rio Puras (4ø41'S 62ø07'W) 1977-1985 358 187 2.6 
Rio Negro (00ø27'S 64ø50'W) 1978-1985 468 590 50.8 
Rio Branco (1ø48'N 61ø08'W) 1974-1984 217 660 38.8 
Rio Madeira (4ø54'S 60ø01'W) 1976-1985 1306 258 2.8 
Rio Trombetas (1ø05'S 57ø02'W) 1972-1985 151 165 38.8 

aTerezinha, upriver of Sgto Paulo de Olivencsa, is not included here because of its shorter period of 
record and proximity to Sgto Paulo de Oliven9a. 

bDrainage area refers to the area upriver of the station. 
CDistance refers to the distance downriver from Sgto Paulo de Olivencsa (main stem) or upriver from 

confluence with main stem (tributaries). 

The ungaged drainage areas were outlined on 
1:5,000,000 and 1:1,000,000 scale U.S. Air Force 

navigation charts and, for smaller-scale features near 
the Amazon main stem, on 1:250,000 Radambrasil 
charts [Radambrasil, 1972]. Each drainage area was 
identified as contributing to an ungaged tributary or 
parana or as floodplain which directly contributes to 
the main Amazon channel. The drainage areas for 
paranas and varzea were divided according to the 
corresponding subdivisions along the main stem. All 
the areas were planimetered, and recorded as the 
average of three measurements which differed by no 
more than 1 cm2; i.e., at most 2500 km • on the 
l:5,000,000-scale maps. 

Daily data from 19 precipitation stations monitored 
by DNAEE in the Amazon basin were used to 
construct monthly hyetographs for each station for 
each year with a complete rainfall record. The 
number of years of complete records for the 
precipitation stations that were available for this study 
ranged from one to 11, with 1972 the earliest year and 
1982 the most recent. The measurements from each 

station were averaged to obtain mean monthly 
hyetographs. Since only data from a few stations were 
used, it was necessary to assume that precipitation is 
uniformly distributed over areas at large distances from 
the precipitation stations. To account for water loss 
due to evapotranspiration, these precipitation numbers 
were adjusted by a coefficient of 0.5, which is in 
accord with approximations of water loss in Amazonian 
environments determined by Salati et al. [1979]. 

Monthly water input, Qp, from each ungaged source 
was then calculated by multiplying the ungaged 
drainage area by the adjusted average monthly value of 
precipitation for the nearest precipitation station. At 
the level of resolution of these calculations, we include 
evaporation from lakes, Qev, which is on the order of 
4 mm/day over open water [S. MacIntire, University of 
California at Santa Barbara, personal communication, 
1989], as part of the precipitation reduction factor of 
50%. 

Change in the volume of water stored in the main 
stem, Qsm, was approximated as the product of change 
in stage and reach surface area. The change of water 
storage on the varzea, Qsv, was calculated as the 
product of the change in depth on the varzea and the 
area inundated (40,000 km • periodically inundated and 
10,000 km • of large lakes). The depth change was 
calculated from the change in stage levels averaged for 
each month for 1982-1984. The minimum stage heights 
correspond to a floodplain depth of less than 0.5 m, 
and at high water they correspond to maximum depths 
of about 9 m upriver and 7 m downriver; these depths 
are consistent with those observed. The change in 
inundated area was assumed to be a linear function of 

depth on the varzea. Change in lake area was included 
in the change in inundated area. 

Isotope ratio 15180 measurements. We measured the 
isotope ratio 180/160 (151•O) in river and floodplain 
waters on the CAMREX cruises as a tracer of 

different water masses [Gat and Gonfiantini, 1981]. 
Samples were taken from the main stem and 
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tributaries as part of the routine chemical sampling on 
the CAMREX cruises, and were analyzed by mass 
spectrometry (Finnegan MAT 251 fitted with water 
CO;• equilibration system at the University of 
Washington and a MAT 230 at the Centro de Energia 
Nuclear na Agricultura). Isotope results are reported as 
relative deviations (ø/oo) from the standard mean ocean 
water (SMOW) standard, defined by Craig [1961] as 

•180---- ((180/160sampte)/(180/160SMOg) - 1)X 103 (2) 
THE DISCHARGE REGIME 

Main Stem and Major Tributary Hydrographs: 1972-1985 

Though differences in stage of 7-10 m are common 
along the main stem, there is only a twofold to 
threefold difference between low and high discharge 
(Figure 2). Sfi, o Paulo de Oliven• has average 
minimum and maximum discharges of 20,000 m-z/s and 
60,000 m-z/s, Manacapurfi averages 70,000 m-z/s and 
130,000 m-z/s, and Obidos averages 100,000 m-z/s and 
220,000 m-z/s, respectively. The total Amazon input to 
the Atlantic includes the Rios Tapajos, Xingu, and 
Tocantins, for a mean annual input of about 200,000 
to 220,000 m-z/s. The damped hydrograph of the main 
stem reflects in part the offset input from tributaries. 
The peak flows from the northern and southern 
tributaries are typically three months out of phase as a 
result of the seasonal differences in precipitation. 

The data from the DNAEE records represent a 
short period of time. In order to determine whether 
the data from the detailed discharge records of 1972 to 
1985 are representative of longer time periods, the 
discharge history must be considered. The only long- 
term discharge record available for the Amazon is a 
record of the stage of the Rio Negro at Manaus, 
covering the period 1903-present. Richey et al. [1989c] 
showed that these data could be used to calculate a 

discharge time series for Manacapurfi (Figure 3). They 
found that the predominant interannual variability 
occurs on the 2 to 3 year time scale, and that the 
oscillations in the hydrograph are coupled to the El 
Nifio-Southern Oscillation cycle, with a lag of about 
five months. Recurrence intervals (the average interval 
in years between events equaling or exceeding a given 
magnitude) for those years include values that range 
from 2 years to 80 years (Figure 3). Therefore, it can 
be assumed that the pattern of the hydrographs for 
1972 to 1984 is representative of the historical pattern, 
and results obtained from these data could be applied 
to the longer-term record. 

Ungaged Flows 

On the basis of the siting of sampling stations and 
the locations of tributaries and paranas, we evaluate 
the ungaged flows for upriver (SAo Paulo do 
Oliven• - Itapeua), midriver (Itapeua - Manacapurfi), 
and downriver (Manacapurfi - Obidos) reaches. 
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Storage and runoff calculations. The change in 
channel storage, Qsm, is greatest downriver 
(Manacapurfi- Obidos), _+ 3,500 m-z/s, less upriver (Sfi, o 
Paulo do Olivencsa-Itapeua), _+ 3,000 m-z/s, and about 
_+ 1,500 m-z/s midriver (Itapeua - Manacapurfi) (Figure 
4). When the change in storage is calculated.per unit 
reach length, it is greatest downriver, _+ 5 mas '1 
km '1 and decreases upriver to + 2.5 m-z s '1 km '1 

Storage of water on the floodplain, Qsv, is 
considerably greater than in the main channel. The 
increase in storage over the 8-month period of rising 
water is greatest during the mid-rising water phase in 
the upriver reach of the main stem, approaching 15,000 
m-z/s, with maximum rates in the midriver and 
downriver reaches of 3,000 m-z/s and 9,000 m-z/s, 
respectively. The decrease in storage during the 4- 
month falling water period is greatest during mid- 
falling water, ranging from -18,000 m-z/s upriver to - 
8,000 m-z/s at midriver. 

Ungaged flows from paranas, small tributaries, and 
direct precipitation, Qp, upriver and downriver range -z 
from 3,000 m/s during the dry season to 7,000 mø/s 
during the wet season; midriver flows are about half of 
these values (Figure 4). These estimates of flow for 
individual paranas and ungaged tributaries from the 
area precipitation calculations compare reasonably well 
to the few CAMREX discharge measurements on those 
•i'v• (3,000 to 6,000 m-Z/s, unpublished data). 

Water exchange between the varzea and the main 
stem, Qex, is the difference between parana and 
precipitation inputs Qp and the change in storage on 
the varzea. Overall, exchange was greatest during early- 
falling to mid-falling water in the upriver and 
downriver reaches, with a net flow from the floodplain 
to the main stem of about 20,000 m-z/s. Net exchanges 
were generally lower in the midriver reach, where the 
area of the floodplain is relatively small. 

Floodplain exchange is therefore a significant 
component of the water budget of the main stem. 
These flows correspond to about 30% of the flow at 
Itapeua, and cumulatively to about 25% of the flow at 
Obidos. Through input from local sources (paranas, 
direct precipitation) there is generally a net positive 
flow into the river. Discharge measurements made 
during the CAMREX cruises confirmed that the main 
stem gained water in excess of that contributed from 
the major tributaries, even when water from the main 
stem was flowing onto the varzea [Richey et al., 1986]. 

The •180 signal of main stem and floodplain waters. 
We have calculated that the exchange of water between 
the main stem and floodplain could be quite large. 
Martinelli et al. [1989] and Mortatti et al. [1985] 
found that the • O of local precipitation inputs was 
seasonally variable and enriched relative to river water. 
Hence, if these local inputs do constitute a significant 
input to the main stem, then the main stem should 
reflect their isotopic composition. To provide an 
independent assessment of the magnitude of Qex and 
to begin to separate it into its separate flow 
components, we calculated the • O expected for Qex 
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Fig. 2. Discharge (105 m3/s), along ordinate, calculated from DNAEE stage records for main stem 
(Santo Ant6nio do Icsfi and Itapeua are not shown) and tributary gaging stations. Years indicated by 
abscissa scale are from September 1 through August 31 (the water year for Silo Paulo de Oliven(•a). 
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Fig. 3. Long-term discharge record (solid line) for Manacapuru, 1903-1985, (adapted from Richey et al. 
[1989c]). The dashed lines refer to the upper abscissa and represent the average recurrence interval of 
a particular discharge being equaled by either the maximum flow event or minimum flow event in a 
year. The shaded portion represents the years for which detailed discharge records are available. 
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from the isotopic mass balance of the main stem and 
major tributaries for the CAMREX cruises: 

(•180ex = (((180otQot - 180 180trQtr) / Qex) -l) x 103 inQin ' (3) 
where 180 i is the 180/160 ratio of flow Qi. 

The distributions of (•180 in the main channel 
(/518Oin, /5180o0 and major tributaries (/S18Otr) 
generally tracked the respective hydrographs (Figure 5). 
At Vargem Grande, where the river discharge is 
dominantly of Andean origin, the river was more 
isotopically depleted during high water, and more 
enriched during low water. Tributaries were enriched 
relative to Vargem Grande, by 1 to 2 ø/oo in the Rios 
I• and Japur•i, to 2 to 3 ø/oo in the Rio I•. In the 
main stem and in all tributaries in 1983, a dry year, 
/5180 was more enriched than in the other years; this 
trend was pronounced in the southern tributaries. As 
the composite of all inputs, the/5180 signal at Obidos 
averaged about 2 ø/oo more than, was offset from, and 
was more damped than the signal at Vargem Grande. 

18 
Computed values for/50ex and measured 

floodplain values (/518Ov) were generally comparable, 
and always enriched relative to the main stem (/518Oms, 
as the reach average of/518Oin and/518Oot ), by 0.3 to 
2.7 ø/oo (Table 2). Sufficient data to separate Qex into 
Qvm and Qmv and to calculate what the relative 
contribution of main stem water is to storage on the 
varzea are not available. However, the results of Table 
2 suggest several trends. The smallest differences in 
isotopic composition between the varzea and main 
stem were at the time of late-falling and early-rising 
water. The largest differences were at late-rising and 
early-falling water. This implies that the relative 

contribution of local sources of water to Qex increases 
with increasing stage. 

These/5180 calculations confirm that ungaged water 
sources from local drainage areas are indeed significant 
to the main stem, and the results are consistent with 
our previous estimates of Qex- The data also suggest 
that it should be possible to evaluate the relative 
magnitudes of water sources over time for the 
floodplain, when concurrent data are available on the 
change in/5180 of the main stem, precipitation, and 
floodplain, and on the time rate of change of water 
storage on the floodplain. 

FLOW ROUTING IN THE MAIN STEM 

Our overall objective is to quantify the terms of (1) 
at cross sections at approximately every 100 km along 
the study reach (Figure 6). We used the Muskingum 
flow routing scheme to predict discharge for locations 
and times on the main stem for which there are no 

measurements. Elias and Cavalcante (1983) showed the 
potential for this approach for the Amazon by 
modeling the flood wave below Manaus. 

Flow Routing Model 

The Muskingum method uses the continuity 
equation for flow in a reach and a calibrated 
relationship between storage, inflow rate, and outflow 
rate to predict the hydrograph at a downriver cross 
section from a known hydrograph at the upriver end of 
the reach and inflows and outflows occurring along the 
reach. The downriver output is calculated as a function 
of a storage constant k, which is approximately equal 
to the travel time of the flood wave through the reach 
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between the main stem and varzea (Qex). 
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Fig. 5. The 8180 of the main stem at Vargem Grande 
(Var Gr), Manacapur6 (Manam), Obidos and of the 
Rios Negro, Madeira, Japur•i, I½, Purds, Jurmt, and 
Jutai on CAMREX sampling cruises 1 through 8. 

[Dooge et al., 1982], and a attenuation coefficient x, 
which indicates the relative importance of inputs and 
outputs in affecting storage [Dunne and Leopold, 
1978]. The model is expressed as 

Qot(t): Co (Qin + Qtr + 0'5wQp)(t) + 
Cl (Qin + Qtr + 0'5wQp)(t-1) + 
C2 (Qot + 0'5wQp)(t-1) (4a) 

where 

c o = (-kx + 0.5At)/(k - kx + 0.SAt) (4b) 
c 1 - (kx + 0.5At)/(k - kx + 0.5At) (4c) 
c z = (k -kx- 0.SAt)/(k - kx + 0.SAt) (4d) 

with At of 1 day. A weighting factor w is provided to 
adjust Qp to account for interannual differences in 
precipitation. Dividing Qp equally between the inflow 
and outflow terms accounts for the fact that water 

input from these sources occurs over the entire reach, 
not just as a point input at the head of the reach. The 
model was also applied to the lower 300 km of the 
Rio Japur•i, to account for the effect on the Rio 
Japur•i of water storage on the extensive floodplain at 
the lower end of that tributary. 

Model Calibration and Results 

With a floodplain that is inundated throughout the 
rise in river level, the Amazon does not have a clear 
onset of overbank flow until the river is at or near 

peak discharge; hence we used the same values of x 
and k for both within-channel and overbank flows at 

TABLE 2. Values of/5180 (ø/oo) calculated for Total Ungaged Input Qex (818Oex) 
Compared to Measured Varzea and Paranas (818Ov) and to Average Main Stem 

Values (818Oms) for Upriver and Downriver sections for 
CAMREX Cruises 2-8 (Cr 2 - Cr 8) 

Cr 2 Cr 3 Cr 4 Cr 5 Cr 6 Cr 7 Cr 8 

Vargem Grande- Itapeua 
8180 8 ex na b -4.4 -4.3 b b -6.2 81 0 v -.5.2 na -4.7* -4.5 -3.7 -5.1 -6.8 
8180• -6.4 -6.4 -5.6* -5.7 -4.3 -6.2 -7.2 

Manacapurfi - Obidos 
8180 18 ex na -3.2 -2.6 b -3.4 b -6.1 -4.9** 8 O v -5.0 na -4.8' -5.6'* na na na 818Oms -5.7 -5.8 -5.3' -3.8 -5.9 -6.4 

See Figure 7 for timing on hydrographs. Data are also from Martinelli et al. [1989], where a 
single asterisk denotes a cruise April-May 1987, and a double asterisk denotes a cruise July- 
August 1985, similar in hydrology to cruises 4 and 5, respectively. Here, b denotes sections where 
fluxes balanced within the 5% accuracy of the discharge measurements, and na denotes not 
available. 
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Fig. 6. Schematic representation of the 20-reach water routing model. Tributary (R) and pararia (P) 
locations are shown to the right; dotted lines show pararia connections. Stations marked with an 
asterisk are DNAEE gaging stations. 

all stages. The value for x was set at 0.1 for all 
reaches; higher values increased differences between 
observed and predicted hydrographs, while lower values 
produced results insignificantly different from results at 
0.1. Initial values for k were calculated from the 

hydrograph records as the residence time of the flood 
wave in each reach [Dunne and Leopold, 1978]. Final 
k values (respectively, k = 1.1, 1.0, 3.6, 4.2, 4.2, 4.2, 
4.2, 4.2, 4.2, 4.2, 4.2, 2.9, 5.9, 2.3, 2.5, 2.3, 2.3, 2.3, 2.3, 
and 2.9 days for reaches 1 through 20 of the main 
stem, and 2.0, 4.5, and 4.5 days for the lower reaches 
of the Rio Japur•i) were those that gave the best fit 
between observed versus predicted hydrographs for 
1982-1984. These years were chosen for calibration of 
the model, because the CAMREX discharge 
measurements for that period allowed a more accurate 
definition of the hydrograph of the main stem flow 
between the DNAEE gaging stations, and hence 
provided more detailed comparisons. The annual 
precipitation weighting factors for Qp (w = 1.1, 0.9, 
1.0, 0.9, 0.8, 0.6, 0.8, 0.2, and 0.6 for 1976-1984, 
respectively) were ranked according to the relative 
magnitude of average precipitation for the years 1976- 
1983 at Santo AntOnio do I•, Manacapurfi, and 
Oriximina (near Obidos). The weighting factor for 1984 
could not be derived from the precipitation records 
(which extended only through 1983), so its rank was 
assigned according to the ranking of discharge at 
Manacapurfi. 

The k values used in this model are comparable to 
those calculated for other alluvial rivers. If it is 

assumed that the k values we used approximate the 
residence time of the flood wave in each reach 

(although the flood wave does not move uniformly 
downriver), then this yields a wave speed of 
approximately 0.3 m/s for the entire 2000 km reach. 
This compares with approximate wave speeds of 0.2 
m/s for the lower Mekong River and the Brahmaputra 
River, 0.2 m/s for the Niger and Senegal Rivers, and 
0.3 m/s for the middle Mekong River (calculated from 
data of Welcomme [1985]). 

The agreement between predicted discharge for all 
the CAMREX and DNAEE cross sections when the 

measured flow was routed from S•o Paulo de Olivencsa 
during the calibration period and the observed 
discharge (i.e., DNAEE and CAMREX measured 
discharge) was very good (Figure 7). Comparison of 
the observed discharges and those predicted by the 
Muskingum model shows that the pattern of the 
residuals is similar for most of the cross sections. 

Generally, low flows are underestimated and high flows 
are slightly overestimated, but throughout most of the 
flow range the predictions are very close to observed 
values. Accuracy of the predicted discharge is increased 
when the flow is routed from the DNAEE station that 

is immediately upriver (Table 3). The average error is 
less than 10% of the observed flow for nearly all the 
stations. 
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Fig. 7. Outputs of flood wave routing model for a flood wave initiated at S&o Paulo de Oliven•: 
observed discharge from stage (solid curve) and predicted discharge from model (dashed curve) at 
Santo AntOnio do Ic, fi, Manacapurfi, and Obidos (Itapeua not shown); and predicted only at Xibeco, 
Anori, and Paura (Tup6, Jutica, and S&o Jos6 do Areatari not shown). Symbols indicate CAMREX 
discharge measurement. 

For further verification of the model, the k, x, and 

ungaged flow variables were retained and the model 
was run for the years 1976-1981 (Table 3). Predictions 
were comparable to or slightly less accurate than those 
for 1982-1984. 

SUMMARY AND CONCLUSIONS 

1. The damped hydrograph of the main stem 
reflects the large drainage basin area, the phase lag in 
peak flows between the north and south draining 
tributaries, and the large volume of water stored on 
the floodplain. Over a 15-year period, the average 
minimum and maximum discharges were about 20,000 
m3/s and 60,000 m3/s upriver and 100,000 m3/s and 
220,000 mS/s downriver, respectively. 

2. The exchange of water between the floodplain 
and main stem is significant. Up to 30% of the flow of 
the main stem is derived directly from water stored on 
the floodplain and from flow from local sources 
passing through the floodplain. 

3. The accuracy of the routing model predictions 
for six years based on a calibration for three years 
shows that the model and corresponding parameters 
are well-suited for flow routing in the reach of the 
Amazon between S&o Paulo de Olivencsa and Obidos. 
The stability of the main stem hydrograph since 1903 
and the range of recurrence intervals for the years 
1976 to 1984 (i.e., the years used in the Muskingum 
analysis and the years of the most recent series of 
sampling expeditions on the Amazon) indicates that 
the model is calibrated on the basis of a representative 
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TABLE 3. Summary Statistics for Muskingum Analysis of 
Amazon Flows, 1976-1984 

To From 1982 1983 1984 

SAI SPO 4.7 (3.1) 3.4 (2.6) 3.5 (4.7) 
Ita SPO 9.2 (6.7) 9.0 (7.5) 9.5 (7.6) 
Ita SAI 7.0 (5.3) 6.8 (5.4) 7.7 (7.1) 
Man SPO 8.7 (6.4) 8.4 (6.8) 9.2 (6.3) 
Man Ita 4.7 (4.2) 3.9 (3.8) 4.1 (3.0) 
Obi SPO 5.9 (6.9) 5.7 (5.4) 6.3 (6.2) 
Obi Man 3.5 (3.1) 4.3 (2.7) 4.2 (3.4) 

To From 1976 1977 1978 

SAI SPO 7.4 (4.5) 5.9 (3.9) 6.7 (4.3) 
Ita SPO 8.3 (9.1) 8.2 (4.4) 7.9 (5.6) 
Ita SAI 5.9 (6.7) 5.6 (4.1) 6.3 (5.0) 
Man SPO 10.1 (12.6) 8.7(4.5) 8.8 (6.2) 
Man Ita 3.8 (2.8) 3.6 (2.3) 4.8 (3.2) 
Obi SPO 9.6 (11.6) 5.9 (6.1) 5.1 (4.4) 
Obi Man 4.1 (3.1) 6.3 (4.9) 4.4 (2.9) 

To From 1979 1980 1981 

SAI SPO 5.4 (4.0) 6.9 (3.6) 4.2 (3.6) 
Ita SPO 10.7 (7.9) 7.8 (6.3) 9.5 (7.1) 
Ita SAI 9.6 (7.4) 7.8 (5.9) 9.1 (8.3) 
Man SPO 11.7 (9.9) 9.7 (4.7) 8.9 (8.6) 
Man Ita 4.1 (2.5) 6.0 (3.0) 4.5 (3.6) 
Obi SPO 8.7 (8.4) 4.8 (3.4) 5.9 (5.2) 
Obi Man 4.1 (3.0) 3.8 (2.6) 2.8 (2.8) 

Station abbreviations are SPO, S•to Paulo de Oliven•a; SAI, Santo AntOnio do I•; 
Ita, Itapeua (Ita); Man, Manacapurfi; and Obi, Obidos (Obi). Mean and standard 
deviation (in parentheses) are based on the percent of the absolute values of the 
residuals (observed minus predicted) normalized by the observed flow. Calibrated values 
of k and x (equation (6)) from 1982-1984 used for 1976-1981. 

range of flows and can be used to predict flows for 
years when detailed hydrological records are not 
available. 

4. The discharge hydrographs describe the temporal 
sequence of water flow; they say little about the source 
of the water (for example, precipitation derived from 
recycled or marine water vapor in the tributaries, main 
stem river water or local precipitation on the varzea) 
or the time lag between a source and the point at 
which discharge is finally measured. In a continental- 
scale river system with little information available on 
rainfall-runoff relationships, it would be useful to 
identify tracers which indicate the source of runoff for 
each tributary drainage. With concurrent data on the 
•180 of precipitation, runoff, and groundwater, the 
isotopic signal may ultimately be of use in defining 
more clearly the routing of water within drainage 
basins from precipitation to major tributary discharge 
and between the main stem and floodplain. 

Acknowledgments. We are indebted to the observers 
manning the network of gaging stations at remote 

sites, and to the crew of the vessel LM •4manai, 
especially M. R. de Souza, A.M. da Silva, and P. I. de 
Almeida. We gratefully acknowledge the support of M. 
N. G. de Ribeiro Goes, E. Salati, H. Bergamin, and H. 
O. Schubart at the Instituto Nacional de Pesquisas da 
AmazOnia. We gratefully acknowledge the cooperation 
of J. M. Rayol and S.C. da Conceicao of the 
Companhia de Pesquisas de Recursos Minerais and J. 
R. G. Natividade of DNAEE. We particularly 
acknowledge the participation and guidance of R. H. 
Meade, U.S. Geological Survey, Denver. Supported by 
the National Science Foundation grant BSR-8107522, 
and the International Atomic Energy Agency 
BRA/0/010-08. Contribution No. 28 of the CAMREX 

project and No. 1817 of the School of Oceanography, 
University of Washington. 

REFERENCES 

Beven, IC, Surface water hydrology - Runoff generation 
and basin structure, Rev. Geophys., 21, 721-730, 
1983. 



Richey et al.: Amazon River Flood Wave 

Craig, H., Standard for reporting concentrations of 
deuterium and oxygen-18 in natural waters, Science, 
133, 1833-1834, 1961. 

Degens, E. T., Rivefine carbon - An overview, in 
Transport of Carbon and Minerals in Major World 
Rivers, Part 1, edited by E.T. Degens, Mitt. Geol.- 
Palaont. Inst. Univ. Hamburg 52, 1-12, 1982. 

Degens, E. T., S. Kempe, and J. E. Richey (Eds.), 
Biogeochemistry of Major World Rivers, John Wiley, 
New York, in press, 1989. 

Devol, A- H., J. E. Richey, W. A- Clark, S. L. King 
and L. A- Martinelli, Methane emissions to the 
troposphere from the Amazon Floodplain, J. 
Geophys. Res., 93, 1583-1592, 1988. 

Dooge, J. C. I., Parameterization of hydrologic 
processes, in Land Surface Processes in Atmospheric 
General Circulation Models, edited by P. Eagleson, 
pp. 243-288, Cambridge University Press, London, 
1982. 

Dooge, J. C. I., W. G. Strupczewski, and J. J. 
Napiorowski, Hydrodynamic derivation of storage 
parameters of the Muskingum model, J. Hydrol., 54, 
371-387, 1982. 

Dunne, T. and L. B. Leopold, Water in Environmental 
Planning 818 pp, W. H. Freeman, New York, 1978 

Elias, V., and A. J. S. Cavalcante, Recent hydrological 
and climatological activities in the Amazon basin, 
Brazil, in Hydro!ogy of Humid Tropical Regions 
with Particular Reference to the Hydrological 
Effects of Agriculture and Forestry Practices, Publ. 
140, edited by R. Keller, pp. 365-374, Int. Assoc. 
Hydrol. Sci., Gentbrugge, Belgium, 1983. 

Ertel, J., J. I. Hedges, J. E. Richey, A. H. Devol, and 
U. dos Santos, Dissolved humic substances of the 
Amazon River System, Limnol. Oceanogr., 31, 739- 
754, 1986. 

Forsberg, B. F., A. H. Devol, J. E. Richey, L. A. 
Martinelli, and U. dos Santos, Factors controlling 
nutrient concentrations in Amazon floodplain lakes, 
Limnol. Oceangr., 33, 41-56, 1988. 

Gat, J. R., and R. Gonfiantini (Eds.), Stable isotope 
hydrology: Deuterium and oxygen-18 in the water 
cycle, Tech. Rep. 210, 337 pp., Int. At. Energy 
Agency, Vienna, 1981. 

Gildea, M.P., B. Moore, C. J. Vorosmarty, B. 
Bergquist, J. M. Melillo, IC Nadelhoffer, and B. J. 
Petersen, A global model of nutrient cycling: I. 
Introduction, model structure, and terrestrial 
mobilization of nutrients, in Watershed Research 
Perspectives, edited by D. Cottell, pp. 1-31, 
Smithsonian Institution Press, Washington, D.C., 1986. 

Hedges, J. I., W. Clark, P. D. Quay, J. E. Richey, A. 
H. Devol, and N. Ribeiro, Composition and fluxes 
of organic matter in the Amazon River, Limnol. 
Oceanogr., 31, 717-738, 1986a. 

Hedges, J. I., J. R. Ertel, P. D. Quay, P.M. Grootes, 
J. E. Richey, A. H. Devol, G. W. Farwell, F. H. 
Schmidt, and E. Salati, Organic carbon-14 
composition in the Amazon River system, Science, 
231, 1129-1131, 1986b. 

203 

Hjemfelt, A. T., Amazon basin hydrometeorology, J. 
Hydraul. Div. Am. Soc. Civ. Eng., 104, 887-897, 1978. 

Iriondo, M. H., Geomorfologia da planicie Amazonica, 
Atas Simp. Quat. Brasil, 4, 323-348, 1982. 

Lettau, H., K. Lettau, and L. C. B. Molion, 
Amazonia's hydrologic cycle and the role of 
atmospheric recycling in assessing deforestation 
effects, Mon. Weather Rev., 107, 227-237, 1979. 

Martinelli, L. A., R. L. Victoria, E. Matsui, J. E. 
Richey, B. R. Forsberg, and J. Mortatti, The use of 
oxygen isotope composition to study water dynamics 
in Amazon floodplain lakes, Int. At. Energy Agency, 
Vienna, in press, 1989. 

Meade, R. H., T. Dunne, J. Richey, U. de M. Santos, 
and E. Salati, Storage and remobilization of 
sediment in the lower Amazon River of Brazil, 
Science, 228, 488-490, 1985. 

Melack, J., Amazon floodplain lakes: Shape, fetch, and 
stratification. Verb. lnt. Ver. Theor. Angew. Limnol., 
22(2), 1278-1282, 1984. 

Mertes, L. A. IC, Floodplain development and sedi- 
ment transport in the Solim6es-Amazon River in 
Brazil, M.S. thesis, Univ. of Wash., Seattle, 1985. 

Meybeck, M., Carbon, nitrogen, and phosphorus 
transport by world rivers, Am. J. Sci., 282, 401-450, 
1982. 

Mortatti, J., E. Salati, R. L. Victoria, and M. N. G. 
Ribeiro, Analysis of the isotopic behaviour of 
hydrogen and oxygen of water in the main channel 
of the River Solimoes/Amazon, Mitt. Geol.- Palaont. 
Inst. Univ. Hamburg 58, 259-266, 1985. 

Naiman, R. J., The annual pattern and spatial 
distribution of aquatic oxygen metabolism in boreal 
forest watersheds, Ecol. Monogr. 53, 73-94, 1983. 

Oltman, R. E., H. O-R. Sternberg, H. A. Mahoney, 
and B. M. Delaney, Amazon River investigations, 
reconnaissance measurements of July 1963, report, 
U.S. Geol. Surv., 18 pp., Denver, Colo., 1964. 

Paegle, H., Interactions between convective and large- 
scale motions over Amaz6nia, in The Geophysiology 
of AmazOnia, edited by R. Dickinson, pp. 347-387, 
John Wiley, New York, 1987. 

Pilgrim, D. H., I. Cordery, and B.C. Baron, Effects of 
catchment size on runoff relationships, J. Hydrol., 
58, 205-221, 1982. 

Radambrasil, Mosaico semi-contralado de radar, scale 
1:250,000, Min. das Minas e Energia Dep. Nacl. de 
Prod. Miner., Rio de Janeiro, 1972. 

Richey, J. E., and Ribeiro, M. N. G., Elemental cycling 
in the Amazon basin biogeochemistry: a riverine 
perspective, in The Geophysiology of AmazOnia, 
edited by R. Dickinson, pp. 245-250, John Wiley, 
New York, 1987. 

Richey, J. E., J. T. Brock, R. J. Naiman, R. C. 
Wissmar, and R. F. Stallard, Organic carbon: 
oxidation and transport in the Amazon River, 
Science, 207, 1348-1351, 1980. 

Richey, J. E., R. H. Meade, E. Salati, A. H. Devol, C. 
F. Nordin, and U. dos Santos, Water discharge and 
suspended sediment concentrations in the Amazon 



204 

River: 1982-1984, Water Resour. Res., 22, 756-764, 
1986. 

Richey, J. E., A• H. Devol, R. Victoria, and S. Wofsy, 
Biogenic gases and the oxidation and reduction of 
carbon in the Amazon River and floodplain waters, 
Limnol. Oceanogr., 33, 551-561, 1988. 

Richey, J. E., J. I. Hedges, A• H. Devol, P. D. Quay, 
R. L. Victoria, L. A• Martinelli, and B. R. 
Forsberg, Biogeochemistry of carbon in the Amazon 
River, Limnol. Oceanogr., in press, 1989a. 

Richey, J. E., J. Adams, and R.L. Victoria, Synoptic- 
scale hydrological cycles and biogeochemical cycles 
in the Amazon and other large river basins, in 
Remote Sensing of Biosphere Functioning; Ecol. Study 
Ser., edited by H. Mooney and R.J. Hobbs, 
Springer-Verlag, New York, in press, 1989b. 

Richey, J. E., C. Nobre, and C. Desser, Amazon River 
discharge and climate variability: 1903-1985, Science, 
in press, 1989c. 

Salati, E., A. Dall'Olio, and E. Matsui, Recycling of 
water in the Amazon Basin: an isotopic study, 
Water Resour. Res., 15, 1250-1258, 1979. 

Sedell, J. R., J. E. Richey, and F. J. Swanson, The 
river continuum concept: A basis for the expected 
ecosystem behavior of very large rivers? in 
Proceedings of the International Large River 
Symposium, edited by D.P. Dodge, special 
publication, Can. Fish. •lquat. Scœ, in press, 1989. 

Sioli, H., Amazon tributaries and drainage basins, Ecol. 
Stud., 10, 199-213, 1975. 

Villa Nova, N., E. Salati, and E. Matsui, Estimativa de 
evapotranspiracao na Bacia Amazonica. •lcta 
•lmazonica, 6(2), 215-228, 1976. 

Richey et al.: Amazon River Flood Wave 

Vorosmarty, C. J., M.P. Gildea, B. Moore, B. J. 
Petersen, B. Bergquist, and J. M. Melillo, A global 
model of nutrient cycling: II. Aquatic processing, 
retention and distribution of nutrients in large 
drainage basins, in Watershed Research Perspectives, 
edited by D. Correll, pp. 32-56, Smithsonian 
Institution Press, Washington, D.C., 1986. 

Welcomme, R. L., Fisheries Ecology of Floodplain 
Rivers, 317 pp., Longman, London, 1979. 

Welcomme, R. L., River fisheries, Fish. Tech. Pap. 262, 
330 pp., Food and Agric. Organ., Rome, Italy, 1985. 

T. Dunne and L. A. IC Mertes, 
Department of Geological Sciences, 
University of Washington, Seattle, WA 
98195. 

B. R. Forsberg and A. C. N. S. 
Tancredi, Departamento de Ecologia, Insti- 
tuto Nacional de Pesquisas da AmazOnia, 
Manaus, AM, Brazil. 

E. Oliveira, Departamento Nacional de Aguas e 
Energia E16trica, Brasilia, DF Brazil. 

J.E. Richey, School of Oceanography, 
University of Washington, Seattle, WA 
98195 

R.L. Victoria, Escola Superior de 
Agricultura "Luiz de Queiroz," Departamento de Fisica 
e Meteorologia, Piracicaba, 
SP Brazil. 

(Received November 14, 1988; 
revised June 26, 1989; 
accepted June 26, 1989.) 


