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Abstract. Inundation patterns in Amazon River floodplains are revealed by
analysis of the 37 GHz polarization difference observed by the Scanning
Multichannel Microwave Radiometer on the Nimbus-7 satellite. Flooded area is
estimated at monthly intervals for January 1979 through August 1987 using
mixing models that account for the major landscape units with distinctive micro-
wave emission characteristics. Results are presented separately for 12 longitudinal
reaches along the Amazon River main stem in Brazil as well as for three major
tributaries (the Jurua, Purus and Madeira rivers). The total area along the Amazon
River main stem that was flooded (mcludmg both floodplain and open water)
varied between 19000 and 91 000 km”. The correlation between flooded area and
river stage is used to develop a predictive relationship and reconstruct regional
inundation patterns in the floodplain of the Amazon River main stem over the
past 94 years of stage records (1903-1996). The mean ﬂooded area along the
Amazon River durlng this 94-year period was 46800 km?, of which the open-
water surfaces of river channels and floodplain lakes comprised about 20 700 km?.

1. Introduction

The Amazon River and its tributaries seasonally overflow their banks to inundate
extensive floodplains, and information on the inundation patterns in these floodplains
is needed for a variety of purposes. The ecological characteristics of these floodplain
ecosystems—including the productivity of riverine fisheries—are largely determined
by the spatial and temporal variation of seasonal inundation (Junk 1997). Where
the floodplains are inhabited by humans or utilized for agriculture, information on
inundation patterns is useful for land-use planning and for the prediction of floods,
which help local inhabitants adapt to the natural flood cycles of large rivers
(Frechione et al. 1989). Assessment of the environmental impact of large-scale river
development projects, such as construction of impoundments or navigation channels,
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requires comprehension of the hydrological linkages between the river channel and
its adjacent floodplains (Petts 1990, Ligon et al. 1995).

Information on inundation patterns is also necessary to understand and model
the hydrological and biogeochemical fluxes through the fluvial system, because fluvial
transport can be altered by evaporative water losses, sediment retention, and nutrient
transformations during temporary residence of river water on floodplains (Lewis
and Saunders 1989, Richey et al. 1989 a, 1991, Mertes et al. 1996, Hamilton et al.
1997). An improved understanding of the fluvial export of water and materials from
the Amazon Basin can illuminate biogeochemical cycles within the drainage basin
as well as reveal controls on nutrient supply from the continents to the ocean, since
the Amazon River is responsible for nearly 20% of the world’s runoff to the oceans
(Vorosmarty et al. 1989). Knowledge of the spatial and temporal variation in the
area inundated on the floodplain is essential for the estimation of methane emission
from the inundated floodplain environments to the atmosphere (Devol et al. 1990),
which is an important part of the global methane budget because tropical wetlands
are one of the world’s largest natural sources of this greenhouse gas (Bartlett and
Harriss 1993).

Despite the need to understand the hydrology of the river—floodplain system in
the Amazon, information on flooding patterns in the basin has been difficult to
acquire because of the vast and remote nature of the territory. Side-looking airborne
radar images from the Brazilian Radambrasil project indicate the extent of the
geomorphological floodplain, which likely represents the upper limit of the area that
could be subject to riverine flooding at high water (Sippel et al. 1992). Variation in
depth of water on the floodplain can be inferred from water level (stage) measurements
made at a few stations along the main river channels, if detailed knowledge of the
floodplain geomorphology is available (Mertes et al. 1996). Among the available
options for remote sensing of spatial and temporal patterns in flooding, passive
microwave observations from satellites offer regional-scale information of high tem-
poral resolution. Optical remote sensing systems such as Landsat provide much
better spatial resolution (e.g., 30 m for Landsat Thematic Mapper (TM)) but very
limited temporal resolution in the Amazon Basin because of the frequent cloud cover
and the difficulty of detecting flooding through vegetation canopies. Satellite-borne
radar remote sensing potentially offers the combination of high spatial and temporal
resolution of flooding patterns (Hess et al. 1995), but the necessary seasonal coverage
over multiple years is not yet available.

Recent research using data from the 37GHz channel of the Scanning
Multichannel Microwave Radiometer (SMMR) has demonstrated the application of
passive microwave remote sensing to study large tropical wetlands. Giddings and
Choudhury (1989) showed that the major floodplains of South America could be
delineated in images of the 37 GHz emission at horizontal and vertical polarizations.
In a pilot study of the Amazon River floodplain near Manaus, Sippel et al. (1994)
estimated flooded area using linear mixing models of the microwave emission from
major landscape units. Hamilton ez al. (1996) employed a similar approach to reveal
inundation patterns throughout the Pantanal wetland, a vast savanna floodplain to
the south of the Amazon Basin. Vorosmarty et al. (1996) investigated the potential
of SMMR observations as an indicator of discharge in the Amazon River.

In this study we analyse the SMMR 37 GHz observations to estimate regional
inundation patterns along the Amazon River main stem and three of its largest
tributaries. We develop a predictive relation between river stage and flooded area
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along the Amazon River main stem that allows us to extend the inundation record
from the 9-year SMMR observation period to a 94-year period (1903-1996). These
data help to satisfy the aforementioned requirements for improved understanding of
inundation patterns in these vast floodplain ecosystems.

2. SMMR passive microwave observations

The SMMR instrument measured the natural emission of microwave energy from
the Earth’s surface and atmosphere. Measurements are expressed as brightness
temperatures (in Kelvins), and are available at several frequencies and at both vertical
and horizontal polarizations (Fu ez al. 1988). The difference between vertically and
horizontally polarized brightness temperatures observed by satellite at the 37 GHz
frequency (hereafter referred to as ATobs) provides a sensitive indicator of the presence
of surface water, particularly where water occurs against a background of vegetated
land surfaces (Choudhury 1991). The theoretical basis for interpretation of 37 GHz
emission has been reviewed by Choudhury (1989). The spatial resolution of the
SMMR sensor is approximately 27 km at 37 GHz and the processed global data sets
are gridded into cells of 0.25° latitude by longitude.

Satellite observations of 37 GHz emission are available for December 1978 to
August 1987 from the SMMR instrument operated on board the Nimbus-7 satellite
(Gloersen et al. 1984, Fu et al. 1988). Similar observations are available from the
Special Sensor Microwave/Imager (SSM/I) instruments, which began operation in
July 1987 and continue operation now as part of the Defense Meteorological Satellite
Program (Hollinger ez al. 1990). The algorithms developed in the present study for
analysis of the SMMR observations cannot be directly applied to the SSM/I data
because of differences in the sensor systems and data processing.

In this study, we use the SMMR observations for January 1979 to August 1987,
which are drawn from the global data set of the 37 GHz ATobs that was originally
studied by Choudhury (1989, 1991). Global SMMR observations are available for
approximately 6-day intervals, and are compiled separately for day and night (local
equator crossings at noon and midnight). After calculation of ATops for each grid
cell from the daytime brightness temperatures, the observations were ranked within
each month and the second lowest value (usually out of four) was selected, thereby
yielding one ATobs value per month (Choudhury 1989). The screening served to
eliminate outlying values that might have resulted from atmospheric scattering by
heavy rainfall, or from temporary pooling of water on the land surface after heavy
rainfalls. The May 1986 ATobs values for all grid cells in our Amazon data set were
inexplicably low and were therefore deleted from the time series.

3. Methods
3.1. Delineation of study reaches

The present study deals with the Brazilian portion of the Amazon River system.
Within Brazil, the main stem of the Amazon River is called the Rio Solimoes above
the confluence with the Negro River and the Rio Amazonas below that confluence,
although in this paper we collectively refer to the Solimdes and Amazonas rivers as
the Amazon River main stem. The fluvial systems of the Amazon Basin are described
by Sioli (1984).

We divided the Amazon River main stem into 12 reaches bounded by 1° 30’
longitudinal divisions (figure 1). The reaches start at the western Brazilian border
and extend downriver to just above the confluence with the Xingu River (Almeirim;
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Figure 1. The Amazon River and its major tributaries. Flooded area was estimated for the
12 longitudinal reaches shown along the bottom of the map. Flooded area was also
estimated for the Purus, Madeira and Jurua Rivers from 8° S (the southern border of
this map) to their confluences with the Amazon River. River stage stations are marked
by an asterisk; codes are as follows: SPO, Siao Paulo de Olivenca; SAI, Santo Antonio
de Iga; ITA, Ttapeua; MNC, Manacapuru; MAN, Manaus; OBI, Obidos. The Jurua
River stage station is at Carauari, the Purus River station is at Beruri, and the Madeira
River station is at Borba.

52°30" W). Upstream of the Brazilian border, the floodplain becomes increasingly
narrow, and its effect on passive microwave emission becomes less distinguishable.
We did not attempt to estimate inundation patterns downstream of reach 12 because
of the increasing importance of short-term variation caused by tidal effects (Sioli
1966). Tidal effects are present in reaches 11 and 12 as well, but are on the order of
20cm or less (E. Novo, unpublished data), and are thus unlikely to have a major
effect on inundation area since the seasonal variation in river level in these reaches
is ca Sm. We also estimated inundation patterns along the lower reaches of three of
the tributaries with the most extensive floodplains: the Purus, Jurua and Madeira
rivers. Each of these tributaries was analysed as a single reach extending from near
its mouth upstream to 8°S latitude (figure 1).

Within each reach, we aggregated 12-60 SMMR grid cells to enclose the river
and its floodplain (table 1), and we calculated the mean ATops of the aggregate for
each month. Aggregation reduces the relative uncertainty in location, since the
geolocation error of the SMMR data may be as much as 12km (Choudhury et al.
1992). The grid-cell aggregates encompassed the floodplain as it is delineated on
1:250000 scale planimetric maps produced from Side-Looking Airborne Radar
(SLAR) imagery by the Radambrasil project (Sippel et al. 1992). The proportion of
upland area in the grid-cell aggregates (table 1) should be minimized because the
upland dilutes the seasonal signal of the floodplain inundation, and can potentially
contain wetland areas with flooding patterns that are distinct from the riverine
floodplains. However, some upland was included along the edges of the aggregates
to reduce the effect of geolocation error; for the floodplain of the Amazon River
main stem we included at least one-half of a grid cell of upland surrounding the
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Table 1. Characteristics of the grid-cell aggregates for each study reach. The table shows the
number of grid cells in the aggregate, the open-water areas of the main-stem river
channel and of permanent floodplain lakes, the fractional area of open water (fw,
which includes the river and lakes) and of uplands not subject to flooding, and the
empirically determined values of ATy and ATr. Reaches 1-12 are along the Amazon
River main stem (figure 1). The area of a grid cell is ~765 km”.

Open-water area (km?)

Grid Upland
Reach cells River Lakes fw fraction ATy ATe
1 15 570 90 0.06 0.66 48 12
2 28 510 250 0.04 0.66 47 11
3 22 710 350 0.06 0.36 50 9
4 23 840 280 0.06 0.38 69 10
5 13 540 500 0.10 0.35 49 11
6 25 710 1140 0.10 0.44 44 15
7 13 610 580 0.12 0.50 36 22
8 12 860 630 0.15 0.51 46 28
9 23 980 2000 0.17 041 48 21
10 22 880 2670 0.21 048 42 28
11 15 1330 2470 0.33 041 48 35
12 16 910 340 0.10 0.47 59 18
Jurua 60 230 0 0.005 0.65 — 9
Purus 41 730 120 0.03 042 58 8
Madeira 40 1010 200 0.04 0.73 62 15

floodplain. At the confluences of major tributaries the grid-cell aggregates for the
main stem contained the lowermost courses of the tributaries, including the I¢a River
from its mouth to 69°W longitude and the Japura and Jutai rivers from their mouths
to 2°S and 3°S latitudes, respectively.

3.2. River stage data

River stage data were collected by Manaus Harbor Ltd/Portobras at the Manaus
station and at various other stations throughout the study area by DNAEE (the
Brazilian Department of Water and Electric Energy), through contracts with the
firms CPRM and Hidrologia SA. For each reach, we selected the most appropriate
stage station for which data were available for all or most of the SMMR period
(figure 1), taking into account the station’s proximity as well as the potential influence
of major tributaries upstream of the reach. Monthly means were calculated from the
daily stage data for comparison with the monthly AT data.

3.3. Estimation of flooded area from AT,ps

The algorithms for estimation of the fractional area of inundation from the
37 GHz ATobs have been described by Sippel et al. (1994) and Hamilton et al. (1996).
A linear mixing model with three end-members incorporates the contributions of
water, nonflooded land, and inundated floodplain to the ATops:

ATobs=fw(ATw)+ far(ATar)+ fr(ATY) (1)
1 =fy+ far+fr (2)

where ATobs is the AT observed by the radiometer, fy, fur and fr are the fractional
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areas of open water (rivers and permanent floodplain lakes), nonflooded land, and
seasonally flooded land, respectively, and ATw, ATxr and ATy are the AT values for
open water, nonflooded land, and seasonally flooded land. As the floodplain becomes
inundated, fr increases with a concomitant decrease in fyr. Simultaneous solution of
equations (1) and (2) yields the following equation for the fraction of flooded area
(fr):

" ATobs— fw(ATw) — AT+ f(ATnr)

3
' ATr— ATur 3)

We measured the fractional area of open water within each grid-cell aggregate
(fw), which includes both the main river channels and permanent floodplain lakes,
using 1:250 000 scale planimetric maps produced from SLAR imagery (Sippel et al.
1992). Open-water area was measured by digital planimetry of all lakes, rivers and
floodplain channels that appear on the maps. The open-water surfaces visible on the
SLAR images are assumed to approximate the fy throughout the inundation period,
since most seasonally flooded land is covered by vegetation that remains emergent
during inundation, and thus would not produce specular reflection of X-band SLAR
energy (Sippel et al. 1994). Table 1 shows the open-water areas and the fw values for
each reach.

The three AT end-member values needed for equation (3) were determined
empirically. We determined a mean ATyr value of 42K by averaging all dates for
17 grid cells of upland pixels located along the length of the Amazon River main
stem between 55°30" and 68°30" W longitude (SD=1.0; n=1768 observations).
Based on the 1: 250 000 Radambrasil maps, these 17 upland grid cells do not contain
significant floodplain or open water and they lack streams wider than a single line
(i.e., streams of more than ca 100 m in width); hence they are presumably not subject
to significant seasonal flooding. This mean ATy value was used for all of the study
reaches since systematic spatial or seasonal variation in ATy across the region was
not apparent.

The two remaining AT end-members were determined for each reach individually.
We estimated ATw from the ATons at low water, when the seasonally inundated
floodplain is dry but water persists in the river channels and in floodplain lake
basins. Using the mean ATopns for the 24 lowest values in the time series, which
typically included 2-4 months in each annual low-water phase, we applied a two
end-member mixing model to estimate ATy by simultaneous solution of the two
equations:

ATobs = (fw)(ATw)+ (far) (ATnur) (4)
1.0="fy+ fur (5)

where ATobs is the mean AT observed by the radiometer at low water, fw is the
fractional area of open water (rivers and lakes), furis the fractional area of nonflooded
land at that time (=1—fy), and ATy is the AT value for nonflooded upland that we
determined empirically (4.2K). This method of estimating AT, differs from our
previous work (Sippel ez al. 1994, Hamilton ez al. 1996) in which we used the
theoretical value for ATw of calm water surfaces (60 K). Empirical estimation of ATy
for each reach is preferable for this study because some reaches have large expanses
of open water, where surface roughness due to wave formation may reduce the mean
ATy, for the grid-cell aggregate, as has been observed over the ocean (Gloersen et al.
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1992). Also, if the measurement of fy from the SLAR maps were an inaccurate
representation of open-water area, that error would be compensated by the empirical
ATy value. For that reason, the empirical ATy values listed in table 1 should not be
considered to have theoretical significance.

We estimated the AT¢ end-member for each reach from the mean of the four
highest ATops values in the time series (choosing a mean to reduce the effects of
possible outliers). This mean high-water ATobs was assumed to result from complete
flooding of the geomorphological floodplain within the reach, which is delineated
on the Radambrasil maps and was measured by digital planimetry (Sippel et al.
1992, 1994). Thus we used the three end-member model (equation (3)) to estimate
AT from the mean high-water ATovs, fr (the geomorphological floodplain area on
Radambrasil maps), the empirically determined values of ATw and AT, fw (the
open-water area on Radambrasil maps), and fuf (=1—fi—fy). The unique AT; end
member for each reach (table 1) represents the effects of the particular combination
of floodplain vegetation and geomorphology on microwave emission from the
floodplain during inundation.

The three end-member model (equation (3)) was applied for each date throughout
the inundation period to estimate f;, the fraction of area flooded, from ATops. Total
flooded area on a given date is the sum of fy (open waters) and f (seasonally flooded
land). When the floodplain was dry, as indicated by a ATobs less than the low-water
mean, the two end-member model (equations (4) and (5)) and the empirical ATy,
value were employed to estimate f,, (the area of open water).

3.4. Sensitivity analysis of the algorithms

Error in the estimation of flooded area can arise from the five different input
terms in equation (3). We performed a sensitivity analysis individually for each term,
choosing a typical annual cycle of flooded area for the entire main stem (1982), to
demonstrate the sensitivity of the algorithm to errors in the input terms (figure 2).
The possible effect of error in ATobs and ATnar was evaluated by taking the standard
deviation of 1768 observations over upland areas (1.0 K) as an estimate of the overall
precision for both of these terms. This may overestimate random instrument error
or atmospheric variability because it incorporates any temporal variability in emis-
sion from the upland areas, although similar variability in the SMMR ATops has
been observed over stable regions of the Antarctic ice sheet (Gloersen et al. 1992),
suggesting that instrument variability is the primary cause. Errors in the ATw, ATt
and fy are indeterminate, so those terms were varied by arbitrary amounts in the
sensitivity analysis.

The sensitivity analysis indicates that the estimation of flooded area in the
Amazon is particularly sensitive to possible error in the satellite observations (ATobs)
and to possible bias in our empirical estimates of ATnr and ATyw. Error in ATobs
would be particularly significant in reaches with the smallest seasonal range in ATobs.
Error in ATyr and ATw would be most important in reaches with higher fractional
areas of upland and open water, respectively (table 1).

4. Results and discussion
4.1. Inundation patterns in the floodplain of the Amazon River main stem

The monthly estimates of flooded area in each reach of the Amazon River main
stem are plotted together with the data for the appropriate river stage station in
figure 3. We define flooded area as the total of inundated floodplain and open-water



3062 S. J. Sippel et al.

120

I ATobs + 1K / ----- |
80 |

41}

120

80 |

40| .-

DJFMAMJJASOND
120

- ATwx 5K
80|

4 .

Area (km? x 1000)

DJFMAMJJASOND
120

T AT+ 15%
80

40 |

DJFMAMUJI JASOND
120

r fut10%
80 |-

4t |

DJFMAMUJJASOND
Month

Figure 2. Sensitivity analysis of the algorithm (equation (3)) for estimation of flooded area
using data from 1982 as an example. The solid line shows the original flooded area
estimates and the dashed lines show the results when a particular input term (as noted
on each graph) is varied.

area of lakes and river channels. Most reaches display a unimodal peak in flooded
area, and although most of the years in the time series show distinct periods of
floodplain inundation and drainage, the maximum and minimum area flooded show
notable interannual variability. There are usually more erratic fluctuations on the
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rising limb than on the falling limb of the flood peak. In a study that encompassed
parts of reaches 6 and 7, Sippel et al. (1994) attributed some of the variability in
ATobs on the rising limb of the hydrograph to local rainfall. In theory, heavy rain
could decrease ATops by atmospheric scattering or increase ATons by temporary
pooling of water on the land surface; the relative importance of these effects in the
Amazon region are not known. There are also secondary discharge crests on the
rising limb of the river hydrograph that result from the contributions of upriver
tributaries with earlier flood peaks; these crests are most pronounced in the upper
Amazon and diminish in the downstream direction (figure 3; also Meade et al. 1991).
However, the timing of these secondary discharge crests does not correspond
with all of the observed fluctuations in ATobs along the Amazon River main stem,
indicating that other causes are also involved in the fluctuations (Sippel et al. 1994).

The flooding patterns in reaches 1 and 2 appear erratic compared with the
downstream reaches. This could be explained in part by the difficulty of observing
the effects of flooding in those reaches, due to the smaller range of variation in
ATobs. However, more erratic flooding patterns could also be explained by the more
variable discharge regimes of the main channel and its major tributaries in the
uppermost reaches (Richey et al. 1989 a), as well as by the higher rainfall in that
region (Salati 1985). More information on flooding patterns in the upper reaches is
needed to confirm whether this apparent variability is real.

The time series of total flooded area for the entire Amazon River main stem (i.e.,
the sum of flooded area in reaches 1-12) is depicted in figure 4, and the monthly
means of flooded area are given in table 2. The river stage is for the central Amazon
main stem (Manaus station: figure 1). Interannual variation in the maximum and
minimum flooded area is clearly visible in the figure. The highest water levels were
observed in 1982, corresponding with the greatest area of flooding. In contrast, much
less floodplain area was inundated during the floods of 1980, 1983 and 1985. During

Table 2. Monthly and grand means of flooded area (km® x 10%) as estimated from the
monthly SMMR observations. The Amazon River includes reaches 1-12 along the
main stem. For the Amazon River, means are also provided for the extended 94-year
record (see text for explanation). Flooded area includes open waters of river channels
and floodplain water bodies as well as the vegetated floodplain. Standard deviations
are given in parentheses.

Amazon Amazon Jurua Purus Madeira
River River River River River

Month 1979-1987 1903-1996 1979-1987 1979-1987 1979-1987
Jan 32.5(6.6) 33.0(5.2) 4.6(2.9) 6.0 (2.7) 2.0 (0.8)
Feb 38.2 (4.5) 394 (6.2) 6.8 (2.2) 9.8 (2.9) 3.0 (1.0)
Mar 44.6 (10.3) 46.3 (8.0) 8.3 (4.6) 124 (2.9) 4.1(1.4)
Apr 534 (11.2) 56.0 (8.7) 10.1 (5.0) 15.1 (2.1) 4.4 (0.5)
May 63.5(10.3) 66.7 (9.2) 8.6 (2.6) 15.6 (1.8) 53 (1.3)
Jun 67.3 (13.9) 72.7 (9.3) 8.5(2.7) 15.6 (4.1) 5.3 (1.6)
Jul 639 (11.1) 70.1 (9.8) 6.9 (3.9) 13.0 (4.9) 45(14)
Aug 56.6 (15.8) 57.7 (10.9) 5.9 (4.1) 9.7 (5.1) 3.7 (1.7)
Sep 37.5(13.8) 38.9 (10.0) 2.1(2.4) 43 (3.8) 1.8 (0.9)
Oct 28.1 (9.8) 27.0 (5.8) 0.8 (0.8) 2.1(2.2) 1.3 (0.7)
Nov 26.7 (10.8) 25.6 (4.0) 2.7 (24) 2.1(2.0) 1.4 (0.9)
Dec 30.2 (10.7) 28.1(4.2) 3.7 (24) 42 (3.1) 1.8 (1.0)

) ) )

All dates 459 (17.5) 46.8 (18.4) 6.0 (42 10.0 (6.2
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Figure 3. Monthly estimates of the total flooded area (inundated floodplain plus rivers and
lakes) for each reach of the Amazon River main stem. Flooded area is depicted by
bold lines, with the river stage plotted above for comparison (stage stations correspond-
ing to each reach are identified in table 3). The horizontal lines show the open-water
areas from table 1. When the flooded area is at or below the horizontal line, no
floodplain is inundated and only open water is present.
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Figure 4. Monthly estimates of total flooded area (inundated floodplain plus rivers and
lakes) for the entire Amazon River main stem (sum of reaches 1-12), plotted together
with the river stage at Manaus. Flooded area is depicted by the lower line, with stage
plotted above. The horizontal line shows the open-water area from table 1. When the
flooded area is at or below the horizontal line, no floodplain is inundated and only

open water is present.

the 9 years of the SMMR observations, inundation of the main-stem floodplain
tended to peak between May and July, with minimal inundation between October

and December.

4.2. Inundation patterns in the tributary floodplains

The three tributaries analysed in this study show distinct seasonal patterns of
floodplain inundation (figure 5), which reflect their distinct discharge regimes. The
changes in flooded area along both the Madeira and Purus rivers are relatively
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Figure 5. Monthly estimates of total flooded area (inundated floodplain plus rivers and

lakes) for the Jurua, Purus and Madeira rivers, three major tributaries of the Amazon
River. Flooded area is depicted as bold lines, with the available river stage plotted
above for comparison (stage stations are identified in table 3). The horizontal lines
show the open-water areas from table 1 (open-water area is insignificant in the Jurua
River). When the flooded area is at or below the horizontal line, no floodplain is
inundated and only open water is present.

gradual and inundation tends to peak in both floodplains in May to June (table 2).
Inundation in the Jurua River floodplain appears more erratic but tends to peak
earlier, usually between March and June. The relatively erratic pattern of flooded
area along the Jurua River may be caused at least partly by the small variation in
ATobs, which renders background variability more significant. Unlike the other rivers
analysed in this study, however, the stage in the Jurua River displays truncation at
high water, implying that at peak discharges the excess water is largely absorbed by
the floodplain without producing a concomitant increase in water level. Thus the
area flooded along the Jurua River could fluctuate substantially as discharge varies
during the high-water period, even though the river stage changes little.

4.3. Relation between ATys and river stage

River level (stage) observations provide the best available proxy for temporal
variations in flooded area on the floodplains that fringe the major rivers of the
Amazon system and therefore serve to corroborate the passive microwave observa-
tions. Studies along the Amazon River main stem have shown that although water
on the floodplains may originate from local runoff as well as riverine overflow, the
river largely controls water levels and thus flooded area on the adjacent floodplain
(Forsberg et al. 1988, Lesack and Melack 1995). Comparison of time series of river
stage with the corresponding time series of ATobs therefore helps to verify that
seasonal changes in ATops reflect changes in flooded area rather than some other
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seasonal phenomenon. The closest river stage stations are outside of the main-stem
reaches in some cases (figure 1), but this would introduce a time delay of no more
than 1-2 weeks. Thus the correlations between river stage and ATobs provide an
indication of how well the changes in ATops correspond with changes in flooded area
in the various study reaches.

Pearson product-moment correlations between ATobs and the appropriate river
stage for each reach are summarized in table 3, which includes contemporaneous
correlations as well as time lags of up to 3 months each way (Systat 1992).
Contemporaneous correlations range from ca 0.4 in reaches 1 and 2 to ca 0.9 in
reach 12 and in the Purus River floodplain. In many reaches the correlation improved
considerably with a time lag of —1 month (i.e., changes in ATobs tend to occur 1
month later than changes in river stage). Time lags of >3 months did not improve
the correlations. In large floodplains, a negative lag on the order of 1 month may
be explained by the delayed filling and drainage of the floodplain relative to the rise
and fall of the river, as illustrated by a comparison of river and floodplain stage for
the Orinoco River in Venezuela (Hamilton and Lewis 1990). Flooding by smaller
tributaries and local runoff would typically precede the flood wave along the Amazon
River main stem (Lesack and Melack 1995), and thus would not explain the apparent
time delay of flooding relative to river stage.

The small seasonal variation in the ATobs over upland areas adjacent to the
floodplain compared with the variation over floodplain areas, as shown by the
example in figure 6, provides further support for the conclusion that the seasonal
variation in ATobs over South American floodplains is produced by flooding rather
than by atmospheric variability (Hamilton er al. 1996). Even though seasonal

Table 3. Pearson correlations between ATohs and the appropriate river stage for each reach,
including the contemporaneous correlation (lag 0) as well as correlations with time
lags of up to 3 months each way. In each case, the best correlation (marked in bold)
is significant at p<<0.001. A maximum correlation at a lag of — 1 indicates that changes
in ATops tend to occur 1 month later than changes in river stage. Codes for river stage
sites are identified in figure 1. The 104 monthly observations were included in each of
the correlations.

Correlation coefficients (time lags in months)

Stage
Reach site -3 -2 -1 0 +1 +2 +3
1 SPO 0.30 0.41 0.38 0.38 0.15 —0.08 -0.22
2 SAI 0.32 0.47 0.48 0.44 0.21 —0.03 —-0.25
3 SAI 0.35 0.61 0.71 0.61 0.23 —0.09 —-0.33
4 ITA 0.20 0.50 0.77 0.81 0.53 0.12 -0.22
5 ITA 0.28 0.58 0.80 0.78 0.47 0.06 -0.27
6 ITA 0.35 0.67 0.86 0.82 0.52 0.13 -0.19
7 MNC 0.26 0.59 0.82 0.84 0.60 0.23 -0.14
8 MNC 0.34 0.65 0.83 0.81 0.51 0.11 —0.28
9 OBI 045 0.74 0.86 0.78 045 0.03 —0.38
10 OBI 0.46 0.74 0.89 0.80 0.49 0.07 -0.31
11 OBI 0.49 0.74 0.86 0.73 041 0.04 -0.27
12 OBI 0.20 0.56 0.82 0.88 0.72 043 0.08
Jurua JUR 042 0.62 0.61 045 0.22 —0.09 -0.36
Purus PUR 0.18 0.55 0.83 0.89 0.73 041 0.03

Madeira MAD 0.52 0.79 0.88 0.74 041 0.01 —0.37
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Figure 6. Comparison of the ATops over the floodplain of the Amazon River main stem
(mean for two grid cells in reach 6) with the ATous over nearby upland areas (mean
for five grid cells adjacent to reach 6). These data were selected as an example to show
the effect of seasonal inundation on ATps.

flooding drives the variation, the absolute value of the ATobs may still be modulated
by atmospheric effects (Kerr and Njoku 1993). Modulation of the ATops by atmo-
spheric moisture would be greatest during the wet season, which generally peaks in
January to April, whereas the river stage generally peaks in May to July along the
Amazon River main stem. Seasonal changes in atmospheric effects on ATobs could
therefore produce an apparent time delay in ATops relative to stage if the modulation
occurred more during the rising limb of the flood hydrograph. Regardless of whether
atmospheric variability may modulate the ATobs and thereby cause the apparent
time delays observed in many of the reaches, it is evident that the observed variation
in ATobs over the floodplain is driven largely by riverine flooding and thus can be
used as an indicator of the extent of flooding.

The reaches showing the poorest correlations between river stage and ATovs are
the main-stem reaches 1 and 2, and the Jurua River floodplain (table 3). These
reaches also have relatively small seasonal ranges in ATops (figure 7). Excluding the
uppermost and lowermost 10% of the values, the range in ATobs in these reaches
was <1.5K, which is comparable to the standard deviation observed for upland
pixels (1.0K). In these reaches it is thus difficult to discern the effects of seasonal
inundation and drainage of the floodplain on the ATobs, which may explain the
relatively poor correlations. The attenuated stage of the Jurua River reduces the
correlation between stage and ATons, and by causing the stage data to be non-
normally distributed, it violates an underlying assumption of parametric correlation
analysis used in table 3 (the Jurua is the only case where the frequency distribution
of the stage data is markedly non-normal). The range in ATobs over the Purus and
the Madeira floodplains is also <<2K, but these reaches show better correlations
between stage and ATobs. In contrast, the ATops in reaches 4-12 of the Amazon
River main stem spanned 2—-7 K between the 10th and 90th percentiles, which makes
the floodplain signal more readily discernible over background variability. We also
investigated whether the correlation between ATobs and stage might be related to
the number of grid cells in the aggregate (expecting a positive relationship if geoloc-
ation error is important) or the fractional open-water area (expecting a negative
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Figure 7. The Pearson correlation coefficient between AT,ps and river stage (best correlations
from table 3) plotted against the range (10th to 90th percentiles) of the ATops in each
reach. Labels identify the 12 reaches of the Amazon River main stem and the three
tributary reaches (J =Jurua, P =Purus, M = Madeira).

relation if the open-water ATy is highly variable in time). However, scatterplots did
not reveal such relationships.

4.4. Reconstruction of a 94-year time series of flooded area

The correlation between river stage and total flooded area (figure 8) allows us to
extend the record of flooded area beyond the 9-year SMMR time series. The longest
stage record for the region is from Manaus, located on the Negro River close to the
Amazon River main stem (figure 1), where data have been collected since 1903. The
stage at Manaus is controlled by backflooding from the Amazon River main stem
because the water surface slope between the stage station and the main stem is very
slight. We regressed our monthly estimates of total flooded area (in kmz) for the
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Figure 8. The relationship between the total flooded area along the Amazon River main
stem (data from figure4) and the monthly means of river stage at Manaus. The
regression line (equation (6)) is also plotted.
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main-stem Amazon floodplain from January 1979 to August 1987 on the mean
monthly stage at Manaus (in m) to yield the following predictive equation (plotted
in figure 8), which was employed to reconstruct the flooded area at monthly intervals
for 1903-1996:

Y =104 744— 10 851X+ 351X (*=0.87, p<0.001, n=102) (6)

The standard error of the estimate is 6400 km®. The total flooded area is for reaches
1-12 of the Amazon River main stem and does not include floodplains extending
up the tributaries. The range in stage during 1903—-1996 was similar to that observed
during the January 1979 to August 1987 period from which the model was derived,
except for occasional very low stages during dry periods. We lack SMMR observa-
tions of flooded area at stages <<17.34 m, so we used a fixed value of 22 100 km? for
those dates, which is the area predicted by equation (6) for a stage of 17.34m.

The reconstructed long-term record of flooded area for the Amazon River main
stem is shown in figure 9. Nearly every year in the record displayed a distinct
unimodal rise and fall in flooded area. The only exception was 1926, a year in which
observers recorded a protracted drought and widespread fires (recounted by
Sternberg 1987). In the majority of years, the vegetated floodplain dried completely
or nearly so during the dry season, but for only a few months. The mean flooded
area for the 94-year record, which includes floodplain plus river and lake area, is
46800 km>. Of this, ~20700 km® is open water, including both river channels and
floodplain waters (table 1). Thus the portion of this mean flooded area that is
covered by vegetated floodplain is ~26 100km’, or 37% of the 71 200 km® of
vegetated floodplain within reaches 1-12 that is delineated on the Radambrasil
maps. The seasonal cycle in the monthly means of flooded area for the 94-year
record resembles that for the 9-year SMMR observation period, and therefore the
SMMR period is representative of the typical flooding patterns (table 2).

Richey et al. (1989 b) analysed the long-term stage record for the Amazon River
and concluded that the predominant interannual variability occurs on the scale of
2-3 years, and that this variability is coupled to the El Nifio—Southern Oscillation
phenomenon (the occasional changes in surface temperature patterns in the tropical
Pacific Ocean that produce worldwide changes in atmospheric circulation and
weather). Since stage is related to flooding (figure 8), those conclusions regarding
the effects of El Niflo on the Amazon River stage record apply to floodplain
inundation as well.

The long-term inundation record for the Amazon River main stem can be
compared to a similar record that we have reconstructed for the Pantanal wetland,
a major floodplain complex located south of the Amazon Basin (Hamilton et al.
1996). Inundation of the Amazon River floodplain is much less variable among years
than is inundation in the Pantanal, which has experienced two multiyear droughts
with little or no floodplain inundation during the past 95 years. The greater predictab-
ility of the flood pulse in the Amazon floodplain is not surprising because the
flooding is largely driven by the river, which drains a much larger basin (6 X 10°km?
compared with 5 X 10’ km” for the Paraguay River in the Pantanal). The seasonal
and interannual variability of runoff is also more predictable in the Amazon Basin
because of the higher overall rainfall and its more equitable seasonal distribution in
much of the basin, as well as the ~6-month offset in the peak rainfall months on
either side of the equator that divides the basin (Salati 1985).
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Figure 9. A 94-year reconstruction of flooded area (inundated floodplain plus rivers and
lakes) from the river stage record, based on the relationship in figure 8. The horizontal
line shows the total open-water area (river channels plus permanent floodplain lakes).
The long-term mean of the flooded area along the Amazon River main stem is
46 830km”’.

5. Conclusions

This study has successfully employed the SMMR 37 GHz polarization difference
to produce a 9-year record of temporal changes in inundation of the floodplains of
the Amazon River and its major tributaries. In addition to providing information
on the seasonal and interannual variation in inundation for each individual reach,
we have formulated a predictive relationship between the Amazon River stage at
Manaus and the total area inundated in the fringing floodplain, allowing extrapola-
tion of the inundation record over the 94 years of stage records. These data on the
spatial and temporal variability of floodplain inundation—as well as the capability
to predict inundation area from river stage—are of fundamental value for hydrolo-
gical and biogeochemical models of the Amazon River system, ecological studies of
the floodplain biota, analyses of the environmental impact of river impoundment
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and other channel alterations, and socioeconomic studies that require information
on the hazards of flooding to humans and human activities on the floodplains.

The usefulness of the SMMR observations for studies of inundation in large
riverine floodplains indicates that the similar SSM/I observations made by satellites
since the SMMR period are also potentially valuable for this purpose. Future
research should seek to extend the passive microwave inundation record for large
floodplains such as the Amazon to the present using the SSM/I observations. If the
processed SSM/I data could be made available in real time, the potential for flood
prediction based on satellite observations of upriver flooding would be enhanced,
helping to compensate for the often sparse networks of river stage monitoring stations
in remote regions (Vordsmarty et al. 1996).
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