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WATER RESOURCES RESEARCH, VOL. 32, NO. 10, PAGES 3137-3150, OCTOBER 1996

Analyzing the discharge regime of a large tropical river
through remote sensing, ground-based climatic data,

and modeling

Charles J. Vorosmarty,! Cort J. Willmott,2 Bhaskar J. Choudhury,3
Annette L. Schloss,! Timothy K. Stearns,! Scott M. Robeson,*

and Timothy J. Dormans

Abstract.

This study demonstrates the potential for applying passive microwave satellite

sensor data to infer the discharge dynamics of large river systems using the main stem
Amazon as a test case. The metliodology combines (1) interpolated ground-based
meteorological station data, (2) horizontally and vertically polarlzed temperature
differences (HVPTD) from the 37-GHz scanning multichannel microwave radiometer
(SMMR) aboard the Nimbus 7 satellite, and (3) a calibrated water balance/water transport
model (WBM/WTM). Monthly HVPTD values at 0.25° (latitude by longitude) resolution
were resampled spatially and temporally to produce an enhanced HVPTD time series at
0.5° resolution for the period May 1979 through February 1985. Enhanced HVPTD values
were regressed against monthly dischirge derived from the WBM/WTM for each of 40
grid cells along the miain stem over a calibration period from May 1979 to February 1983
to provide a spatially contiguous estimate of time-varying discharge. HVPTD-estimated
flows generated for a validation period from March 1983 to February 1985 were found to
be in good agreement with both observed and modeled discharges over a 1400-km section
of the main stem Amazon. This span of river is bounded downstream by a region of tidal
influence and upstream by low sensor response associated with dense forest canopy. Both
the WBM/WTM and HVPTD-derived flow rates reflect the significant impact of the 1982-
1983 El Nifio-Southern Oscillation (ENSO) event on water balances within the drainage

basin.

Introduction

The water cycle is an important component of the Earth
system, and humerous uncertainties remain about pool sizes,
their dynamics, and their changes due to human activities
[Committee on Global Change, 1988; World Climate Research
Programme, 1992; Chahine; 1992; Watson et al., 1996]. Partic-
ular attention has been paid toward refining cur representation
of the dynamics of evapotranspirationi [Wood, 1991; Hender-
son-Sellers and Brown, 1992; Kalma and Calder, 1994], soil
moisture [Mintz and Serafini, 1984, 1989; Willmott et al., 1985a;
Serafini and Sud, 1987; Mintz and Walker, 1993; Webb and
Rosenzweig, 1993], and precipitation [Legates and Willmott,
1990b; Arkin and Janowiak, 1991; Global Precipitation Clima-
tology Centre (GPCC), 1992; Simpson, 1992]. Much less atten-
tion has been paid to the dynamics of river systems, although
river discharge can provide validation for both empirical water
balance models and climate simulations. River heights and
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flows are also of importance to a myriad of landscape processes
including the generation and transport of sediment, nutrients,
and carbon; the ecology of lotic and wetland ecosystems; and
through floodplain inundation the comsequent generation of
radiatively important gases.

Global inventories of river discharge are available [Global
Runoff Data Centre, 1993; United Nations Educational, Scien-
tific, and Cultural Organization (UNESCO), Discharge of Se-
lected Rivers of the World, various years], and have been exer-
cised recently in studies of the water cycle over broad spatial
domains [Amell and Reynard, 1989; Mintz and Serafini, 1989;
Vérésmarty et al., 1989, 1991; Diimenil and Todini, 1992]. The
decline in hydrometeorological monitoring stations [World Me-
teorological Organization/United Nations Educational, Scientific,
and Cultural Organization (WMO/UNESCO), 1991; Rodda et
al., 1993] over the last decades has important implications for
our understanding of the hydrologic cycle. The loss is partic-
ularly acute in the tropics, where demands for water resources
and hence reliable engineering information have been rising
dramatically.

Remote sensing of inland waters is a potentially important
source of information in light of such losses in ground-based
monitoring capacity. Recent work using Geosat altimetry
[Koblinsky et al., 1993; Morris and Gill, 1994; Birkett, 1994] to
measure river and lake levels have shown promise. Imhoff et al.
[1987] used L band synthetic aperture radar (SIR-B) in con-
junction with Landsat Multispectral Scanner (MSS) and
ground-based stage data to determine flood boundaries along
the lower Ganges River.
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Giddings and Choudhury [1989)] demonstrated that passive
microwave sensors also could be used in this context. The
scanning multichannel microwave radiometer (SMMR)
launched aboard the Nimbus 7 satellite collected coincident
observations of horizontally and vertically polarized brightness
temperature (T, and T, respectively) at 37 GHz from No-
vember 1978 through August 1987 at a spatial resolution of
about 25 km. Inspection of these observations, together with
radiative transfer analysis, show that in the tropics, the spatial
and temporal variations of the 37-GHz polarization tempera-
ture difference (AT = T, — T,) are determined primarily by
the structure and phenology of vegetation and seasonal inun-
dation of major rivers and wetlands. Seasonal variation of
atmospheric precipitable water has a modulating effect on the
seasonal variation of AT [Choudhury et al., 1992]. In the con-
text of the current study these horizontally and vertically po-
larized temperature differences (HVPTD) have been shown to
be positively correlated with variations in water level for many
large South American rivers and wetland systems [Giddings
and Choudhury, 1989). Since the SMMR is global in coverage
and maintains a 6-day return period, it offers an opportunity
for monitoring the changing hydrologic status of such systems
over broad geographic domains.

Choudhury [1989] reviewed numerous theoretical aspects
associated with the 37-GHz data obtained from the Nimbus 7
SMMR. Polarization temperature differences at this frequency
are related to the dipolar moment of water and the sensor
should yield an HVPTD value of 60°K for pixels composed
entirely of open water, 4°K for closed canopy, and intermedi-
ate values for vegetated floodplains. For the 25-km pixel of the
SMMR, mixtures of open water, uplands, and floodplains will
be common, and each sensor reading will be a composite of
HVPTD values determined by the distribution of these con-
trasting landscapes. In regions dominated by periodically in-
undated floodplains, HVPTD values show the greatest tempo-
ral variation since flooding reduces the proportional
contribution of upland landscapes to the overall HVPTD sig-
nal, while recession has the opposite effect. This concept was
tested by Sippel et al. [1994] in a 35,000-km? area located on the
main stem Amazon to determine the area of fractional flood-
plain inundation. They determined that inundated floodplain
was associated with an HVPTD of 17.4°K and used time vari-
ations in the composite HVPTD signal, together with linear
mixing models of the end-member microwave signatures, to
construct a time series of flooding over this domain.

In large floodplain-dominated rivers, variations in water
heights therefore impart a hydrological signal detectable
through the use of 37-GHz SMMR imagery. Since variations in
stage are related to variations in discharge, there is also a
potential for monitoring river flows remotely. In the Amazon,
stage-discharge relationships (i.e., rating curves) are a standard
hydrometric technique used routinely by the Brazilian Depart-
mento Nacional de Aguas Energia Electrica to compute flows
along the main stem Amazon and its tributaries [Richey et al.,
1989]. We will exploit the connection between stage, seasonal
inundation, and discharge and relate these to time series of
37-GHz SMMR HVPTD. The purpose of this study is to dem-
onstrate the potential for applying 37-GHz passive microwave
data to generate remotely sensed, contiguous discharge hydro-
graphs along the main stem Amazon River and to test the
limits of the approach. It prepares a framework for monitoring
other large rivers and for exploring the use of contemporary
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and future passive microwave data sets in conjunction with
hydrological models.

Methods
Study Area

The setting for this analysis is the Amazon River drainage
basin (Figure 1), a river system that encompasses 5.8 million
km? [van der Leeden et al., 1990]. The basin is complex from a
hydrological standpoint. It includes upland mountainous
reaches, granitic shield areas, and an extensive lowland flood-
plain system. Although it still maintains the world’s largest
stand of natural tropical evergreen forest, it drains a variety of
other natural forested and nonforested ecosystems (see Table
1) and lands subject to human disturbance [Skole and Tucker,
1993]. Water recycling is prevalent [Salati and Vose, 1984], and
its disruption by land use change poses grave concerns about
regional and global climate [Dickinson and Henderson-Sellers,
1988; Lean and Warrilow, 1989; Shukla et al., 1990].

In this study we consider the main stem Amazon River to
begin in the Brazilian state of Amazonas (about 71.5°W, 4.0°S),
progress downstream through the large floodplain-dominated
channel system, and end at a point close to the city of Obidos
(about 56.0°W, 2.0°S). We limited our analysis to this portion
of the river to avoid comiplications associated with coastal
tides. Floodplain extent within Brazil has been estimated at
92,400 km? along the main stem with an additional 62,000 km?
along the major tributaries [Sippel et al., 1992]. Vérdsmarty et
al. [1989] and Richey et al. [1989] analyzed hydrographs along
the main stem and found that floodplain inundation must be
considered in any analysis of discharge within the main stem.
The Amazon has a final entry to the sea located approximately
1000 km downstream of Obidos, with discharges of over
200,000 m>/s. This flow represents approximately 15% of the
global delivery of fresh water to the oceans. Comprehensive
descriptions of the hydrography of the river system can be
found in work by Sioli [1984] and Rzéska [1978].

Climatic Time Series

Representative climatic time series of monthly precipitation
(P) and air temperature (T) were estimated from station-data
archives compiled by Legates and Willmott [1990a, b] and Vose
et al. [1992] and a spatial interpolation methodology presented
and evaluated by Willmott and Robeson [1995]. Willmott and
Robeson’s algorithm makes use of a climatological (long-term
average) monthly P or T field to assist in interpolating any
particular monthly P or T field of interest. It also relies on
Willmott et al.’s [1985b] spherical implementation of Shepard’s
[1968] inverse-distance weighting procedure. All interpola-
tions, whether to stations or a spherical grid, are made with the
Willmott et al. [1985b] algorithm. Termed “climatologically
aided interpolation” (CAI), Willmott and Robeson’s proce-
dure improves upon the simple interpolation from station ob-
servations by exploiting the spatial colinearity between P and P
(or between T and T') and the fact that observations of P and
T are available at meaningfully higher spatial resolutions than
are observations of P and T. Using CAI, monthly fields of P
and T were interpolated to a 0.5° of latitude by 0.5° of longi-
tude resolution for each month within the period April 1979
through March 1985.

Illustrating CAI for monthly (January 1980) precipitation,
long-term January means from Legates and Willmott’s high-
resolution station climatology (P) first are interpolated to all



VOROSMARTY ET AL.: DISCHARGE REGIME OF A LARGE TROPICAL RIVER

-Q°

-5°S

-10°S Porto Velho

Barrientos
——

b)

Simulated River

Network
30 minute resolution

Nimbus -7 SMMR
37 GHz HVPTD

Figure 1. Study area considered in this analysis. (a) Pixels used to simulate the main stem Amazon River.
(b) The overall simulated network topology used to route distributed runoff downstream. This river network
was developed from Defense Mapping Agency Aerospace Center (DMAAC) [1980, 1981, 1982, 1983, 1984, 1986}
maps. (¢) An image of mean horizontally and vertically polarized temperature differences at 37 GHz derived
from the Nimbus 7 SMMR (mean for April). River corridors are clearly apparent in contrast to dense forest.
Spatial resolution of Figures 1a and 1b is 0.5° X 0.5° (latitude by longitude) and of Figure 1c is 0.25° X 0.25°.
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Table 1.
Amazon Drainage System

VOROSMARTY ET AL.: DISCHARGE REGIME OF A LARGE TROPICAL RIVER

Available Water Capacities of Soils Used to Simulate Water Balances for the

Soil Texture Class

Clay

Vegetation Class Sand Loam Clay Loam Lithosol
Polar desert 52(3) 13(17)
Boreal woodland 13 (35)
Temperate mixed forest 13 (9)
Temperate deciduous forest 152 (1) 13 (10)
Tropical savanna 195 (6) 195 (16) 87 (49) 130 (47) 13(3)
Tropical evergreen forest 325 (36) 260 (524) 152 (797) 208 (75) 13 (46)
Tropical deciduous forest 260 (26) 152 (17) 208 (16) 13 (11)
Xeric woodland 195 (9) 195 (12) 130 (2) 13(12)
Temperate evergreen forest 152 (33) 13 (38)

Soils and vegetation classes were obtained from global archives [FAO/UNESCO, 1971; cf. Melillo et al.,
1993]. Entries enclosed by parentheses are the number of grid cells represented by each combination.

Vose et al. [1992] stations (j) for which January 1980 P; are
available. Among other variables, the Vose et al. [1992] station
archive contains monthly time series of P and T, and some of
the station records extend back well into, the nineteenth cen-
tury. Each interpolated long-term mean (}_’j) then is subtracted
from the January 1980 station precipitation value (P,) at the
corresponding Vose et al. station (j). A monthly (January
1980) precipitation deviation (8P, = P, — I_’,) is obtained in
this fashion for each station. These station deviations (8P;)
then are interpolated to a 0.5° X 0.5° spherical grid. At each
node of the grid (i), the CAI estimate (P,) is obtained by
adding the interpolated deviation (8P,) to an estimated
Legates and Willmott [1990a, b] long-term average (P;), where
each P, was previously interpolated from Legates and Will-
mott’s 1,640 long-term station averages for South America.
When 8P, is interpolated by Shepard’s [1968] distance-related
weighting, the CAI estimate can be written as

P =8P +P (1a)

where

8P, = 2 w,[8P, + A(SP,)]/E‘ w, (1b)

J=1 =1

and n; is the number of nearby stations used to interpolate
precipitation to grid node i, and w;; represents the influence
that the precipitation deviation at station j (8P;) and its esti-
mated spatial gradient (A(8P;)) at j have on the deviation
estimate at grid node i. In addition to its inverse-distance
weighting, Shepard’s algorithm contains procedures for damp-
ing the deleterious influences of spatially clustered (autocor-
related) nearby stations and extrapolating beyond the range of
n, nearby stations when the estimated spatial gradients at the
nearby stations (A(8P;)) warrant it. Mean absolute (interpo-
lation) errors (MAEs), determined from cross validation at all
of the stations, were on the order of 0.8°C for monthly tem-
perature and about 40 mm for monthly precipitation, although
the precipitation MAEs exhibit a strong seasonal oscillation
that ranges from approximately 25 to 55 mm.

Two biases contribute to the underestimation of areal pre-
cipitation averages made from the South American historical
station record. Rain gauge undercatch contributes systematic
errors on the order of 5% [Legates and Willmott, 1990b]. Con-
siderably larger errors, however, arise from the inability of the

historical rain gauge networks to adequately resolve the spatial
variability within precipitation [Willmort et al., 1994]. IlI-
conditioned precipitation networks exist on most other conti-
nents; however, they tend to produce overestimates of large-
scale spatially averaged precipitation. Network-induced
underestimation of large-scale areal averages in South Amer-
ica then is distinct [Willmott et al., 1994]. Reporting rain gauges
in South America are sparse over most of the continent but
especially so in the interior, where it is wet (e.g., within the
Amazon Basin). It is this relative undersampling of the wetter
regions that gives rise to the underestimation. Using typical
network densities for South America, Willmott et al. [1994]
illustrated that the network-induced underestimates in conti-
nental averages can be on the order of several hundred milli-
meters per year.

Our use of CAI reduces the magnitude of underestimation.
In addition, for 11 sub-basins within the Amazon Basin, our
gridded monthly precipitation estimates (obtained from CAI)
were adjusted toward a balance with observed runoff and es-
timated evapotranspiration rates. Adjustment factors ranged
between 0.90 and 1.45. Within most of the 11 sub-basins, in
other words, CAl-estimated monthly precipitation was ad-
justed in an upward direction. Qur precipitation forcing of
Amazon hydrology, in turn, is greater than that in most previ-
ous studies, but we believe it is relatively more accurate.

Substantial spatial and temporal variability are evident
within the estimated P and T fields, especially within P (Plate
1). Within South America the Amazon Basin maintains pre-
cipitation rates that are among the continent’s highest. In ad-
dition, the basin is the major contributor to the total volume of
precipitation delivered at the continental scale. Basin-wide
yearly averages, made for each of the five complete water years
(September through August) within the time frame of our
study, exhibit single-year extrema of 2200 and 2450 mm (Table
2). Intra-annual variability also is quite large, primarily in re-
sponse to the seasonal migration of the Intertropical Conver-
gence Zone (ITCZ) over the basin (Plate 1). Temperature is
less variable on virtually all spatial and temporal scales. Most
of the Amazon basin is at or above 24°C throughout the year.
Standard deviations of yearly average T are about 0.6°C, while
corresponding monthly values are approximately 2.0°C. It is
worth noting that our analysis encompasses the El Nifo-
Southern Oscillation (ENSO) event that began in late 1982.
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Plate 1. A portion of the 6-year time series for precipitation used in this study. These fields were developed
using the climatologically aided interpolation (CAI) procedure described in the text. Simulated runoff and
river discharge reflect the spatial and temporal variations embodied within such climatic forcings.

Simulated Discharges

The Water Balance/Water Transport Model (WBM/WTM)
was used to generate a 6-year monthly time series of discharge
for each 0.5° cell representing the Amazon drainage basin. The
model is described in the appendix to this paper and is based
on work by Vérdsmarty [1991), Vorosmarty and Moore [1991],
and Vordsmarty et al. [1989, 1991]. The model relies on a series

of biophysical data sets which specify land surface properties
and climatic drivers depicting time-varying fields of precipita-
tion and temperature. The combination of soils, vegetation,
and available water capacities used here are given in Table 1.
The WBM predicts monthly water balances, specifically soil
moisture, evapotranspiration, and runoff on independent 0.5°
grid cells. This application of the WBM utilized a Thornth-

Table 2. Elements of the Computed Water Balance for the Amazon Basin,

Upriver of Obidos

Water Year*

1979-1980 1980-1981 1981-1982 1982-1983 1983-1984
Precipitation 2229 2306 2450 2200 2323
Evapotranspiration 1194 1210 1260 1263 1180
Runoff 1042 1091 1211 953 1131
Discharge 1030 1038 1222 975 1022
A Basin storaget +5 +58 -32 —38 +121
A Soil moisture 0 +8 -17 -4 +6

All units are in millimeters per year.
*Each water year begins in September.

tRepresents aggregate change in the following pools: soil moisture, runoff detention, channels, and
floodplains. Water extraction by deeply rooted vegetation is not included in these calculations.
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Figure 2. River discharge at three locations along the main-
stem Amazon; (a) simulated in this study and (b) observed
records from Richey et al. [1989]. The 1982-1983 ENSO event
is evident in both time series as a significant decrease in dis-
charge, Years given refer to water years starting in September
(Obi, Obidos, 56.0°W, 2.0°S; Man, Manacapuru, 61.0°W, 3.5°S;
SAI, San Antonio do Ica, 67.5°W, 3.0°S).

waite and Mather potential evapotranspiration (PET) function
(as applied by Mintz and Walker [1993), Mintz and Serafini
[1989], and Willmott et al. [1985a)) in conjunction with a sta-
tistical scaling function that accounts for submonthly soil mois-
ture dynamics. The model yielded mean PET values for the
entire basin (1349 mm/yr) that were close to those determined
from digitized versions of maps given by Korzoun et al. [1977]
(1327 mm/yr).

The WTM routes runoff using a simulated network topology
(Figure 1b) and a system of coupled differential equations. The
WTM is a quasi-linear cascade model, with linear flow within
channels and temporary storage of water along floodplains
during high flow periods. In the main stem Amazon the flood-
ing can persist for more than 6 months each year [Sioli, 1984;
Sippel et al., 1994]. The WBM/WTM was calibrated to match
discharge hydrographs given by Richey et al. [1989] and ob-
tained through the Departamento Nacional de Aguas e Ener-
gia Elétrica (DNAEE), Brazilia (Figures 2 and 5). Since there
are few high-resolution time series that have been published,
the modeled flows represent a sensible interpolation of the
available discharge fields which are distributed hundreds of
kilometers apart and subject to numerous sharp gradients
brought about by tributary inflows. Use of these simulated
flows allows us to characterize the discharge regime along
much of the main stem river that would not otherwise be
possible.

Annual water budgets were calculated using the calibrated
model for five consecutive water years starting in September
1979. These budgets, determined for the drainage basin above
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Obidos (Table 2), showed that interannual variations were
greatest in precipitation (2200-2450 mm/yr) and runoff (953-
1211 mm/yr), while evapotranspiration remained more or less
constant (1180-1263 mm/yr) over this 5-year period. There
was little overall storage of water within the basin from year to
year, comprising at most approximately 5% of the precipitation
delivery; storage in the soil moisture component was even
smaller (<1% of precipitation). For the period considered,
mean values for precipitation, evapotranspiration, and runoff
were 2302, 1221, and 1086 mm/yr, respectively. The calibrated
model therefore produced a runoff ratio of 47%, in excellent
agreement with that earlier studies [Baumgartner and Reichel,
1975; Korzoun et al., 1977; Salati, 1985; Vorosmarty et al., 1989].
Despite good correspondence to earlier work, this budget
should also be viewed in the context of recent studies suggest-
ing the potential importance of water extraction by deeply
rooted vegetation [Nepstad et al., 1994], which was not modeled
explicitly here.

Passive Microwave Radiometer Data

Data representing the SMMR 37-GHz horizontally and ver-
tically polarized temperature differences (degrees Kelvin) col-
lected aboard the Nimbus 7 satellite were extracted from a
global archive maintained by NASA’s Pilot Land Data System
(PLDS) Archive (Greenbelt, Maryland) and described by
Choudhury et al. [1992] and Choudhury and Meeson [1992]. The
archive maintains monthly composites of horizontally and ver-
tically polarized temperature differences spanning 85.0°N to
85.0°S and 180°W to 180°E. The Nimbus 7 maintains a circular
Sun-synchronous orbit with an ascending equator crossing time
of local noon and midnight solar time. It operates at a nominal
altitude of 955 km, an inclination of 99.28°, and a nodal period
of approximately 104 min. The orbital swath is 780 km in width,
with successive orbital swaths 26° apart at the equator. SMMR
operated every second day giving rise to a global mapping
every 6 days in the equatorial region. To minimize interference
by atmospheric water vapor and dense cloud cover, the PLDS
archived the second lowest daytime value for the horizontally
and vertically polarized temperature difference associated with
a particular month. We used as raw data the reported monthly
values (HVPTD') from April 1979 through March 1985 at a
resolution of 0.25° X 0.25° (latitude by longitude) to construct
the time series used in this study.

Three corrections were made to the original PLDS data set.
To account for the sensor geolocation error of the beam center
(on the order of 12 km [Choudhury et al., 1992]), the original
data were first resampled to 0.5° X 0.5° resolution using a
simple spatial integration procedure that gave proportional
weighting to each 0.25° signal based on its areal extent within
the larger 0.5° cell. Next, each monthly HVPTD' value at 0.5°
resolution was averaged with the corresponding value from
each of its five adjacent upstream cells, an integration we found
optimal as discussed below. This minimized the effect of local
variations in river morphology. Finally, since the original
monthly HVPTD' time series was based upon a single obser-
vation taken during the named month (the second lowest of all
available daytime values), a temporal sampling error was em-
bedded within the data set. To compensate for this, a three-
point weighted moving average was applied to the resampled
and upstream-integrated data:

HVPTD, = 0.25HVPTD;,_, + 0.50HVPTD;

+ 0.25HVPTD,,, (2)
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where HVPTD represents a particular month’s corrected 37-
GHz polarized temperature difference and ¢ is month. The
time series so constructed spanned May 1979 through Febru-
ary 1985.

Figure 3 shows an example of the sequential improvement in
the monthly time series signal afforded by these operations for
the mainstem near Obidos. The top panel shows the resampled
0.5° X 0.5° time series. The next sequence results from the
upstream integration. The specific upriver pathways were gen-
erated from the network topology shown in Figure 1. At this
point the time series begins to show a periodicity as might be
expected from the presence of stage-dependent floodplain in-
undation, but a high degree of variability is still apparent. The
time series for HVPTD developed from the three-point mov-
ing average procedure shows substantially less variability, and
it is this final data set for each main stem pixel that is used in
our time series analysis.

Over the defined domain, simple statistical relationships
were used to link the enhanced HVPTD and the WTM-
derived flows. We generated a linear regression model using
the least squares method for each 0.5° cell distributed along the
main stem (Figure 4). The calibration period started in May
1979 and ended in February 1983. A validation period was
designated from March 1983 through February 1985. Some
main stem sites showed a small difference in regression lines
developed for rising and falling stages, indicative of a backwa-
ter effect [Meade et al., 1991]. However, owing to the relatively
large uncertainties associated with both the spatial and tem-
poral attributes of the HVPTD data set, we elected to docu-
ment only the predominant relationship linking HVPTD and
discharge. This was achieved using a single, linear regression at
each grid location.

Model performance was evaluated using the d statistic (Will-
mott’s [1982] index of agreement). The index of agreement (d)
is a standardized measure of average error rather than a mea-
sure of correlation (such as Pearson’s product-moment coeffi-
cient (r)). The d statistic is proportional to average accuracy,
and therefore it is a better indicator of model performance
than is correlation [Willmott, 1982; Willmott et al., 1985c]. If we
first define the mean absolute error (MAE) as

N
MAE=N"' 3 |p,- o]

1=1

(3)

where o is the observed (calibrated WTM-derived discharge)
and p is the HVPTD-predicted discharge, then d can be ex-
pressed as

d=1—[NxMAE]/

N
> (p.— | + |o, - 3l)
=1
(4)
0=d=1.0

When d = 1.0, p and o are in perfect agreement [Willmott et
al., 1985c].

Results and Discussion

On the basis of average monthly values, WTM-derived dis-
charge and HVPTD along the main stetn Amazon, from west-
ern Amazonia to the river’s mouth, show parallel trends (Fig-
ure 5). A progressive increase in WITM-derived discharge and
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Figure 3. Example of sequential improvement in 0.25° X
0.25° resolution 37-GHz polarization temperature difference
time series. The procedure used included a weighted resam-
pling at 0.5°, spatial integration using data from five additional
upstream cells, and application of a weighted moving average
scheme as given in (2). Site shown is at Obidos (56.0°W, 2.0°S).

its amplitude is apparent progressing downriver. The flow tra-
jectory is punctuated by tributary inflows which increase, in
stepwise fashion, both the downstream discharge and dis-
charge amplitude. The HVPTD also shows a systematic in-
crease in maghitude and amplitude from western Amazonia to
a position roughly aligned with downstream cell number 40
(i.e., Obidos), but the signal shows less of the tributary effect.
The HVPTD transect also shows smaller departures from the
mean during low flows, in accordance with the radiative mixing
model which would predict less sensitivity when river water is
confined to channels alone. Beyond cell 40 the HVPTD signal
is much less regular, and the span of river influenced by tidal
effects [Sioli, 1984] correlates well with this phenomenon. Sioli
[1984] describes a twice-daily flooding of the alluvial islands
and floodplains of the lower Amazon and this suggests that the
increased variability could be reldted to interference between
the periodicity of tides and satellite sampling frequency. Other
potential causes are intensified land use in the islands near the
mouth of the system, invoking an apparent shift in the mixing
model end points (J. Melack, personal communication, 1995),
sea breeze-induced aerosol and humidity effects, and/or differ-
ences in water surface roughness. The increase in HVPTD past
cell number 50 is likely due to the increasing predominance of
open water pixels near the mouth of the river. Because of these
factors, we chose to limit the downstream domain of this anal-
ysis to the Obidos site.

Time series of HVPTD-derived discharge were generated
for both the calibration and validation periods, examples of
which are given in Figure 6. The HVPTD-generated flows
which correspond most closely to the WTM results are found
at the more downriver, nontidal sites (Figure 6, ()bidos, Ne-
gro). At these locations there is excellent agreement in the
overall magnitude of the two time series as well as in the timing
of peak flows. Low flows tend to be overestimated by the
HVPTD relative to WTM, in keeping with results obtained for
the average monthly values depicted in Figure 5. There is a
sequential improvement in the overall performance passing
from upstream to downstream sites (Table 3). Although the
MAE increases in the dowristream direction, it does so in
tandem with even larger increases in discharge, so that in
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Figure 4. Typical time series plots showing calibrated discharges from the water transport model (WTM)
with 37-GHz horizontally and vertically polarized temperature differences over the calibration period from
May 1979 through February 1983, Regression models linking the two data sets at each site are also shown.
Mainstem sites shown are at (a) Obidos (56.0°W, 2.0°S), (b) confluence with the Rio Negro (59.5°W, 3.5°S),

and (c) Fonte Boa (66.0°W, 2.5°S).

relative terms model performance improves in the downstream
direction. Examination of the regressions indicate that the
majority are statistically significant (a < 0.005). Residual plots
demonstrate no systematic biases. Although the HVPTD
model for the most upriver cells does appear capable of esti-
mating long-term average discharge, it is able to predict nei-
ther seasonal variations in flow nor year-to-year differences in
river status (e.g., Figure 6, Fonte Boa). We examined whether
the regression relationships could be improved by integrating
the HVPTD signal over a different number of upstream grid
cells. The relationships are weakened by utilizing fewer than
the five contributing cells upon which we based our analysis.
The d statistic, however, is not enhanced appreciably by incor-
porating additional upriver cells. It therefore appears that the
usefulness of the SMMR HVPTD to infer flows in the Amazon
is confined to a reach of the mainstem between 65.0°W and
56.0°W.

Flows derived from both the WTM and HVPTD provide a
useful synoptic view of how Amazon River discharge varies

over space and time (Figure 7). Both models show the pro-
gressive downriver increase in discharge, including the influ-
ence of tributary inflows, and the magnitudes depicted by each
model are quite similar. The WTM clearly shows interannual
variations in discharge, the most dramatic of which are asso-
ciated with the 1982-1983 ENSO event. The HVPTD does
surprisingly well throughout much of the spatial domain in
capturing the same ENSO excursion and subsequent discharge
dynamics during the validation period. The most upstream
sites show less seasonal variability with HVPTD than with
WTM-derived fields.

For the Amazon this analysis indicates that the HVPTD
method of predicting discharges works best in floodplain-
dominated reaches with a mean annual discharge of approxi-
mately 70,000 m3/s and showing an annual excursion of 50,000
m?/s. Although there is no other river in the world that expe-
riences such high flows, this result does not necessarily disqual-
ify the method’s application elsewhere, since river-specific
stage and lateral inundation relationships are the more critical
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determinants of HVPTD response. Giddings and Choudhury
[1989] in fact document the HVPTD response of several wet-
land and river systems that are correlated to rising and falling
stage. The model we have presented should be transferable to
other systems but with site-specific parameters reflecting dif-
ferences in the hydrography and nature of the surrounding
landscape.

There are, however, general limits to the use of satellite-
derived HVPTD to infer such river dynamics. The 37-GHz
signal is sensitive to scattering by vegetation so that rivers
covered by dense canopy will fail to elicit a clear signal. Be-
cause the footprint size is approximately 25 km at nadir and the
Nimbus 7 sensor has pointing inaccuracies on the order of 12
km [Choudhury et al., 1992], only large, floodplain-dominated
rivers and wetlands show up clearly on HVPTD images [see
Giddings and Choudhury, 1989)]. These rivers may also repre-
sent the only pixels capable of clearly overriding the atmo-
spheric contamination effects described by Kerr and Njoku
[1991] and Choudhury et al. [1992]. Figure 8 contrasts river flow
and NIMBUS 7 HVPTD in two 0.5° grids located upstream of
the mainstem Amazon (see Figures 1a and 1c). It is apparent
that these smaller tributaries show a distorted HVPTD trajec-
tory relative to the observed discharge and one close to the 4°K
value for dense forest canopy discussed earlier. Clearly, more
work needs to be done by applying atmospheric corrections,
and the analysis of smaller rivers awaits the application of
higher resolution sensors.

This study has demonstrated the use of a single passive
microwave sensor to remotely monitor flow dynamics in a large
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Figure 5. Transects of (a) discharge and (b) HVPTD along
the main stem Amazon River. Observed annual mean, mean
maximum, and mean minimum during the study period for five
main stem stations taken from Richey et al. [1989] and the
Brazilian Departamento Nacional de Aguas ¢ Energia Elétrica
(DNAEE). Letters “A” and “B” depict the mapping onto our
grid system of, respectively, the estuary per se and the broader
zone of tidal influence as given by Sioli [1984]. The 40th posi-
tion is coincident with Obidos (56.0°W, 2.0°S).
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Figure 6. Time series plots showing discharges from the
WTM and those derived from the HVPTD statistical model
over both the calibration and validation periods. Sites shown
are at (a) Obidos (56.0°W, 2.0°S), (b) confluence with the Rio
Negro (59.5°W, 3.5°S), and (c) Fonte Boa (66.0°W, 2.5°S).

tropical river. It prepares a framework for monitoring other
large rivers and for exploring the use of contemporary and
future passive microwave data sets in a more direct coupling to
hydrodynamic models. In particular, information obtained
from the Defense Meteorological Satellite Programme’s Spe-
cial Sensor Microwave/Imager (SSM/I) (operational from 1987
to the present) and planned EOS-erd microwaves {e.g., multi-
frequency imaging microwave radiometer (MIMR)) is building
toward a capacity to monitor, in real time, the hydrography of
large regions of the globe. The methods employed here are
easily adaptable to future such studies. However, to fully ac-
count for the water status of large wetlands and naturally
flowing rivers, an accurate mass balance must be determined
not only by quantifying discharge but also by detecting changes
in storage on floodplains and other riparian zones. The syner-
gistic use of passive microwave, radar and radar altimetry,
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Table 3. Regression Parameters and Statistics Linking WTM-Derived Flows and HVPTD on Each Main Stem Amazon

Grid Cell Used in This Analysis

Mean WTM Mean HVPTD
Longitude, Latitude, Discharge, Discharge,

Cell deg. W deg. S by b, 10° mfs 10° m%s RMSE MAE d Statistic
40 56.0 20 —130.58 25.74 160.63 161.79 20.10 15.17 0.78
39 56.5 25 —-113.37 26.19 157.97 159.41 20.00 14.41 0.78
38 57.0 3.0 —90.70 23.55 157.67 157.29 20.87 14.89 0.77
37 575 25 -75.18 21.60 157.37 155.86 20.82 15.02 0.77
36 58.0 3.0 —74.04 22.18 157.24 156.06 21.20 15.64 0.76
35 585 3.0 —-76.86 22.70 156.72 156.16 22,37 17.05 0.73
34 58.5 35 —62.37 21.50 155.86 156.54 21.24 16.15 0.74
33 59.0 35 —64.84 23.55 155.55 156.26 21.85 16.88 0.73
32 59.5 35 -73.32 26.72 153.99 155.45 21.49 16.55 0.73
31 60.0 35 —15.26 17.51 126.89 128.12 13.75 10.61 0.73
30 60.5 35 —-16.26 17.65 126.49 127.65 14.60 11.26 0.72
29 61.0 35 —6.30 13.11 95.12 95.87 15.45 11.45 0.60
28 61.0 4.0 ~23.81 16.48 94.34 95.29 15.46 11.33 0.59
27 61.5 4.0 -27.28 14.78 94.14 94.62 15.95 11.60 0.57
26 62.0 4.0 —-21.65 12.07 81.23 81.32 10.34 7.25 0.65
25 62.5 4.0 —30.09 13.99 81.26 81.46 10.36 7.36 0.65
24 63.0 4.0 -29.68 14.10 81.26 81.68 10.56 7.44 0.65
23 63.5 45 —-36.75 14.70 80.70 81.11 10.33 7.26 0.65
22 63.5 * 40 -37.42 14.77 77.98 77.92 9.45 6.38 0.70
21 64.0 4.0 -29.10 14.31 78.01 7197 9.18 6.29 0.70
20 64.5 40 —28.49 14.75 78.02 77.99 9.29 6.62 0.68
19 64.5 35 —26.13 14.50 77.82 77.84 9.29 6.76 0.67
18 65.0 35 —41.33 17.36 76.98 76.76 8.98 6.54 0.68
17 65.5 3.0 -39.51 17.83 74.99 74.60 8.54 6.41 0.68
16 65.5 25 —-3835 18.30 74.66 74.35 9.70 7.40 0.63
15 66.0 25 ~36.44 16.46 53.35 53.35 831 6.31 0.57
14 66.5 3.0 —38.48 17.09 52.49 52.81 8.38 6.51 0.56
13 67.0 3.0 —47.25 18.24 5230 5248 8.46 6.57 0.55
12 675 3.0 -3795 16.57 51.88 51.76 9.10 7.04 0.48
11 68.0 3.0 —41.65 17.20 48.84 49.11 9.05 6.86 0.45
10 68.0 35 -43.17 18.25 48.64 49.17 9.16 6.97 0.43

9 68.5 35 —36.36 15.03 41.90 42.08 8.76 6.72 0.39
8 69.0 35 —35.31 15.13 4142 41.18 8.95 6.99 0.34
7 69.5 35 —-27.98 13.35 40.73 40.59 9.01 7.08 0.30
6 69.5 4.0 —38.75 15.16 40.23 39.97 8.79 6.89 0.35
5 69.5 45 —34.00 14.33 39.72 39.31 8.83 6.94 0.34
4 70.0 45 -3441 14.00 38.08 3747 8.52 6.59 0.37
3 70.5 4.5 -30.92 13.46 38.08 3754 8.67 6.76 0.35
2 70.5 4.0 -42.15 14.12 31.00 30.50 6.98 5.30 0.43
1 71.0 4.0 -31.13 11.90 30.74 30.35 7.30 5.56 0.38

Mean flow rates are also shown for the calibration period. The most downriver sites appear at the top of the table. The values by and b, are
the intercept and slope of the linear regression with HVPTD as the independent variable. The regression yields discharge in units of 10* cubic
meters per second. Georeferencing refers to the SW corner of each 0.5° X 0.5° (latitude by longitude) grid cell. RMSE and MAE are computed

on a monthly basis.

optical sensors, and satellite telemetry for ground-based data
transmission requires suitable exploration in this context.

Summary and Conclusions

This study demonstrated the concurrent use of ground-
based meteorological station data, passive microwave radiom-
eter data, and calibrated water balance and transport models
to infer flow regime in a large, floodplain-dominated river. The
study applied these tools in a quantitative assessment of water
status in the Amazon drainage basin for each month from May
1979 through February 1985. This research showed that data
from the SMMR aboard the Nimbus 7 satellite can be used to
reasonably estimate discharge along the mainstem Amazon
using regression relationships linking horizontally and verti-
cally polarized temperature differences at 37 GHz to flow re-
gime determined by a calibrated model. The exercise required
preprocessing of the satellite data to correct for spatial and
temporal sampling errors. The domain under which the satel-

lite-derived discharges appear to be reasonable was identified,
and this reach spans more than 1400 km of main stem river. In
this domain both modeled and satellite-derived discharges
showed large within-year variations. Both approaches were
capable of simulating the effect of the 1982-1983 ENSO, show-
ing sharply decreased flows associated with the event.

Although there are limits to the use of such satellite-derived
discharge models, this research has clearly demonstrated their
potential to remotely monitor the status of river systems in real
time. Through collaborative research with the University of
California (Santa Barbara) we are currently developing meth-
ods to more directly couple 37-GHz microwave time series
data from both the SMMR and its successor, the SSM/I, to our
hydrology model. The strategy is to use remote sensing data in
conjunction with ground-based observations to more accu-
rately invoke within our hydrology model both the onset and
cessation of floodplain inundation and to provide an indication
of the extent of such flooding.
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Figure 7. Time series for river discharge along the mainstem
Amazon, generated by (a) the calibrated water balance/
transport model and (b) the 37-GHz HVPTD statistical model.

Progress toward a real-time monitoring capability is espe-
cially important in remote areas and where there has been a
deterioration in observational networks. Developing appropri-
ate monitoring tools will help to enhance our knowledge of the
dynamics of the water cycle over broad geographic domains
from both a scientific as well as a water resources management
perspective. We have demonstrated the possibility of monitor-
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Figure 8. Illustrations of the decoupling of HVPTD and river
discharge for two grid cells within the Amazon basin (Porto
Velho, 64.0°W, 9.0°S; Villa Barrientos, 67.5°W, 16.5°S). The in-
fluence of dense canopy and site-specific hydrography limit the
general utility of the 37-GHz HVPTD model in this region (note
HVPTD scale in relation to Figures 3 and 4). Higher resolution
and muttiple-sensor analysis may be required to adequately mon-
itor such tropical river systems remotely.
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ing the dynamics of a large tropical river with a relatively
coarse passive microwave sensor. An operational capacity for
smaller river systems will ultimately require higher-resolution
sensors, more detailed atmospheric corrections, and tech-
niques that exploit synergistic optical, passive and active mi-
Crowave Sensors.

Appendix: Model Description

Water Balance Model (WBM)

The water balance model simulates soil moisture variations,
evapotranspiration, and runoff on single grid cells using bio-
physical data sets that include climatic drivers, vegetation, and
soil properties. The state variables are determined by interac-
tions among time-varying precipitation, potential evapotrans-
piration, and soil water content. The original model is de-
scribed in detail by Vordsmarty et al. [1989] and Virdsmarty and
Moore [1991]. The governing equations can be summarized as
follows:

7= 9W)E,-P) P=E, (Ala)
dw,
7 =P —E, E<P=D, (A1b)
aw, _ D,—E D, <P Al
dt - ws p ws < r ( C)
E.,=P aw, P,<E A2
e r dt r=~Lp ( a)
E.=E, E, <P, (A2b)
X,=0 P.,=<D,, (A3a)
X,=P,—-D, D,<P, (A3b)

where W is soil moisture (in millimeters), g(W,) is a unitless
soil drying function (see below), E, is potential evapotranspi-
ration (in millimeters per day), P, is precipitation as rainfall (in
millimeters per day), D, is soil moisture deficit (in millimeters
per day) equal to the amount of water required within 1 day to
fill soil to its water-holding capacity and simultaneously satisfy
E,, E, is estimated evapotranspiration (in millimeters per
day), and X, is the rainfall excess (in millimeters per day) that
is available for runoff and recharge of runoff detention pools.
The unitless drying function we employ in this study is

1 — exp[-a(W,/C)]
1- exp(—a)

gw,) = (A4)
where a is an empirical constant and C is the soil and vegeta-
tion-dependent available water capacity (Table 1). We set a
equal to 5.0, so that the drying curve would resemble that of
Pierce [1958] when (g(W,) = E_/E ) is plotted as a function
of (W_/C) during periods of no precipitation.

Subsequent modifications to the original WBM were insti-
tuted to reduce temporal aggregation bias arising from the use
of climatic drivers available at monthly, instead of daily, time
steps. ‘These modifications are based on a scaling procedure
developed by Rastetter et al. [1992]. The resulting modification
of (Ala)—(Alc) is
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dw,
a5 —PPAgW) +[1 - g(W)] exp [—(E,/P))]

—exp [~(Du/P)]} — Eg(W)

where p is the probability that a day is rainy. The value of p is
obtained from p = 1 — exp (—uP,,,) where P, is the
monthly precipitation (in millimeters per month) and where u,
set at 0.005, provided a best fit to observed data over a broad
geographic range. These data encompassed several ecozones
including tropical and temperate rainforest, temperate decid-
uous and evergreen forest, grasslands, and desert. The deriva-
tion of (A5) assumes that there is an exponential distribution
of rainfall amounts during those days that are rainy within a
month. The daily value of P, is a function of P,,,,, p, and n,,
the number of days in a month (i.e., P, = P,,,/np). We have
assumed that the within-month variability in potential evapo-
transpiration is much less than for rainfall and can be approx-
imated by E, = E,,/n,, where E,,, is computed potential
evapotranspiration (in millimeters per month).

When precipitation exceeds the soil moisture deficit (A3b)
the excess is used to augment a runoff detention pool and to
generate runoff:

(AS)

r

de

= (1 - ‘Y)Xr - BDr (A6a)

R,=vX, + BD, (A6b)

where D, is the runoff detention pool (in millimeters) and R,
is rainfall-derived runoff (in millimeters per day) emerging
from the grid cell; B8 and y are empirical constants, set to
0.0164 day~! and 0.5, respectively, based on our earlier mod-
eling studies of the Amazon.

The time-varying changes in W, and D, are solved using a
fifth-sixth-order Runge-Kutta integration technique (Interna-
tional Mathematical and Statistical Libraries, Houston, Texas)
and expressed as a daily average for the duration of each
month. The expected monthly changes in these pools are thus
calculated as the average daily change multiplied by n,, the
number of days in each month. Likewise, the associated water
fluxes computed by WBM are initially expressed as a daily
average for the duration of each month. These also are mul-
tiplied by n, to obtain corresponding monthly values. Runoff
determined in this way is passed to the WTM for subsequent
routing downstream.

Water Transport Model (WTM)

The water transport model [Vorosmarty et al., 1989] is a
quasi-linear reservoir model that computes discharge through
each grid cell of the simulated river basin based on runoff
inputs from WBM, a river networking system (Figure 1b),
channel transfer rates, and the timing and extent of floodplain
inundation. For a single grid cell the flow and continuity equa-
tions are

ds. ‘

=20 -0t 0,+ 0 (ATa)
ds;
= (ATb)
Q.=KS, (ATc)
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Q,=A(X,)/1000 (A7d)
Or=-rf | 2 Q.| Qi+ Q, (ATe)
1
Qs=c;Quma
Qf =0 Qd < Cdema (A7f)

where §_ is the channel storage (in cubic meters), S, is flood-
plain storage (in cubic meters), K is the downstream transfer
coefficient (per month), 4 is the grid cell plan area (in square
meters), n is the number of upstream donor cells, Q,, is an
upriver inflow, Q, is the discharge exported downstream, @, is
the runoft generated locally within the grid cell considered, O
is exchange between channel and floodplain (a plus denotes
floodplain-to-channel exchange), and Q,,,, is the long-term
mean annual downstream discharge. All Q values are in cubic
meters per month, The coefficient r; determines the fraction
(0.0 to 1.0) of potential volume change that is assigned to
floodplain storage, and c, is the flood initiation parameter,
giving the proportion (0.0 to 1.0) of long-term mean annual
flow required to invoke floodplain exchanges. The established
network topology together with (A7a) and (A7b) creates a
system of differential equations that is solved for S, and S,
using the same numerical integrator as that in the WBM.
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