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[1] In this paper, a hydrologic/hydrodynamic modeling of the Amazon River basin is
presented using the MGB-IPH model with a validation using remotely sensed observations.
Moreover, the sources of model errors by means of the validation and sensitivity tests are
investigated, and the physical functioning of the Amazon basin is also explored. The MGB-
IPH is a physically based model resolving all land hydrological processes and here using a
full 1-D river hydrodynamic module with a simple floodplain storage model. River-
floodplain geometry parameters were extracted from the SRTM digital elevation model, and
the model was forced using satellite-derived rainfall from TRMM3B42. Model results agree
with observed in situ daily river discharges and water levels and with three complementary
satellite-based products: (1) water levels derived from ENVISAT altimetry data; (2) a
global data set of monthly inundation extent; and (3) monthly terrestrial water storage
(TWS) anomalies derived from the Gravity Recovery and Climate Experimental mission.
However, the model is sensitive to precipitation forcing and river-floodplain parameters.
Most of the errors occur in westerly regions, possibly due to the poor quality of TRMM
3B42 rainfall data set in these mountainous and/or poorly monitored areas. In addition,
uncertainty in river-floodplain geometry causes errors in simulated water levels and
inundation extent, suggesting the need for improvement of parameter estimation methods.
Finally, analyses of Amazon hydrological processes demonstrate that surface waters govern
most of the Amazon TWS changes (56%), followed by soil water (27%) and ground water
(8%). Moreover, floodplains play a major role in stream flow routing, although backwater
effects are also important to delay and attenuate flood waves.
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1. Introduction

[2] The development of large-scale hydrological models
has been a subject of important research topics in the past
decades. These models, when used in forecast systems, may
help to reduce population vulnerability to natural hazards,
particularly in the Amazon River basin, where extreme
hydrological events have occurred in the past few years,
such as the floods of 2009 and 2012 and the droughts in
1996, 2005, and 2010 [Chen et al., 2010; Tomasella et al.,
2010; Marengo et al., 2008; Espinoza et al., 2011; Marengo
et al., 2011]. Furthermore, complementary to observational

studies [e.g., Frappart et al., 2011a; Azarderakhsh et al.,
2011; Alsdorf et al., 2007a], simulation models can support
the understanding and quantification of different Amazon
hydrological processes such as evapotranspiration, soil and
groundwater storages, and river-floodplain hydrodynamics
[e.g., Costa and Foley, 1997; Trigg et al., 2009].

[3] Part of recent model developments concerns river
and floodplain flow, which is an important factor in the
Amazon hydrology. Trigg et al. [2009] showed that the
Amazon flood wave is subcritical and diffusive. Conse-
quently, backwater effects cause the influence of sea tides
on the main river channel to be perceived more than
approximately 1000 km upstream the river mouth [Kosuth
et al., 2009]. It also causes the influence of the main river
over its tributaries [Meade, 1991] and controls droughts
[Tomasella et al., 2010]. Floodplain inundation is also an
important issue [Bonnet et al., 2008; Alsdorf et al., 2007a,
2010], playing a significant role in large-scale flood propa-
gation [Paiva et al., 2011b; Yamazaki et al., 2011], sedi-
ment dynamics [Bourgoin et al., 2007], chemical and
ecological conditions [e.g., Junk, 1997; Richey et al.,
2002; Melack et al., 2004; Seyler and Boaventura, 2003],
and in the climate system due to land surface and atmos-
phere interactions [Mohamed et al., 2005; Paiva et al.,
2011b; Prigent et al., 2011].
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[4] Recent modeling developments used different kinds
of approaches aiming at sufficiently representing physical
processes, but considering computational and input data
limitations. River hydrodynamics are generally represented
by simplifications of Saint Venant equations, including a
simplistic relationship between water volume storage and
discharge [e.g., Coe et al., 2008], kinematic wave models
[Decharme et al., 2011; Getirana et al., 2012] or Muskin-
gum Cunge (MC) type methods [Collischonn et al., 2008;
Beighley et al., 2009] and diffusive wave models [Yama-
zaki et al., 2011] or a full hydrodynamic (HD) model
[Paiva et al., 2011a, 2012], where only the last two can rep-
resent the aforementioned backwater effects. Although the
use of HD models within large-scale distributed hydrologi-
cal models is still uncommon, they have also been applied
in other relatively large-scale problems [Paz et al., 2010;
Biancamaria et al., 2009; Lian et al., 2007]. When
included, floodplain flows are modeled by different
approaches: assuming storage areas having the same river
water levels [e.g., Paiva et al., 2011a, 2012; Yamazaki et
al., 2011] or considering water exchanges between river
and floodplains as a function of river-floodplain water slope
[e.g., Decharme et al., 2011]; adopting a composed river
floodplain cross sections with 1-D floodplain flow [e.g.,
Beighley et al., 2009; Getirana et al., 2012]; or consider-
ing 2-D floodplain flows [e.g., Wilson et al., 2007; Trigg et
al., 2009]. In most of the cases, river bathymetry is
approximated by a rectangular shape with parameters esti-
mated as a function of the upstream drainage area (or mean
discharge) using empirical relations. Digital elevation mod-
els (DEMs) such as the Shuttle Radar Topography Mission
(SRTM) DEM [Farr et al., 2007] are used to estimate
floodplain bathymetry and river bottom level or surface
water slope. Model limitations can be due to the simplifica-
tions on representing physical processes and also due to the
deficiencies on the aforementioned input data. Conse-
quently, model validations and investigations of the source
of errors may guide the improvement of current models.

[5] In this direction, additionally to in situ data commonly
used for validation, remote sensing-derived hydrological
data sets, such as river stages based on satellite altimetry
measurements [Alsdorf et al., 2007b; Santos da Silva et al.,
2010], inundation extent [e.g., Hess et al., 2003; Papa et al.,
2010], or Terrestrial Water Storage (TWS) derived from the
Gravity Recovery and Climate Experimental (GRACE) gra-
vimetry from space mission [Tapley et al., 2004], offer a
new opportunity to compare and validate simulation outputs
and improve these hydrological modeling approaches.

[6] In this study, we present a hydrologic/hydrodynamic
modeling of the Amazon River basin using the MGB-IPH
hydrological model [‘‘Modelo de Grandes Bacias’’ ; Colli-
schonn et al., 2007] with a full river hydrodynamic module
coupled with a simple floodplain storage model [Paiva et
al., 2011a] validated against remotely sensed observations.
We first present an extensive model validation based on
comparisons between model outputs and (1) in situ stream
stages and discharges and also water levels derived from
ENVISAT RA-2 satellite altimetry data from Santos da
Silva et al. [2010]; (2) monthly inundation extent from a
multisatellite product [Papa et al., 2010]; and (3) GRACE-
based TWS from Frappart et al. [2010, 2011b]. Then,
using the validation results and also sensitivity analyses,

we determine the source of model errors in the Amazon
that may be extrapolated to other similar large-scale hydro-
logical models. Finally, the hydrological functioning of the
Amazon River basin is explored using the model results,
including aspects such as water balance, the surface, soil,
and ground water portioning, and the role of river-flood-
plain hydraulics on stream flow routing.

2. Methods and Data Sets

2.1. Hydrologic-Hydrodynamic Model

[7] The MGB-IPH model is a large-scale distributed
hydrological model that uses physical and conceptual equa-
tions to simulate land surface hydrological processes [Colli-
schonn et al., 2007]. It uses a catchment-based discretization
and the hydrological response units (HRUs) approach. The
simulated vertical hydrological processes include soil water
budget using a bucket model, energy budget and evapotrans-
piration using Penman Monteith approach, interception and
soil infiltration, surface runoff based on the variable contrib-
uting area concept, and subsurface and groundwater flow
generation. The flow generated within the HRUs of each
catchment is routed to the stream network using three linear
reservoirs, representing the groundwater, subsurface, and
surface flow. River flow routing is performed using a combi-
nation of either a MC method or a HD model.

[8] The large-scale HD model of MGB-IPH was devel-
oped by Paiva et al. [2011a] and applied to the Solim~oes
River basin by Paiva et al. [2012]. This model differs from
the MC model by its capacity to simulate flood inundation
and backwater effects. The model solves the full 1-D Saint
Venant equations [Cunge et al., 1980] for a river network
using an implicit finite difference numeric scheme and a
Gauss elimination procedure based on a modified skyline
storage method. Flood inundation is simulated using a sim-
ple storage model [Cunge et al., 1980], assuming that (1) the
flow velocity parallel to the river direction is null on the
floodplain, (2) the floodplains act only as storage areas, and
(3) the floodplain water level equals the water level at the
main channel. Consequently, the river-floodplain lateral
exchange equals qfl¼(dz/dt)Afl(z)/dx, where x and t are spatial
and time dimensions, z is the river water level, and Afl(z) is
the flooded area inside a floodplain unit as described below.
Geographic information system (GIS)-based algorithms are
used to extract river and floodplain geometry parameters
mainly from DEM [Paiva et al., 2011a]. Parameters from a
rectangular-shaped river cross section are estimated using
geomorphologic equations, and the river bottom level is esti-
mated from the DEM using corrections presented in Paiva
et al. [2011a]. The algorithm delineates discrete ‘‘floodplain
units’’ for each subreach and extracts a z versus Afl curve
from the DEM for each of them. Corrections are applied on
the DEM as SRTM signal does not penetrate vegetation or
surface water and consequently does not provide ground ele-
vation. Flood inundation results in terms of 2-D water levels
are computed based on 1-D water level outputs and the DEM.

2.2. Amazon River Basin

[9] The Amazon River basin (Figure 1a) is known as the
world’s largest river basin. It has 6 million km2 of surface
area and drains approximately 15% of the total amount of
fresh water dumped into oceans. This region exhibits high
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rainfall rates (average, approximately 2200 mm/yr) with high
spatial variability [Espinoza et al., 2009]. Contrasting rainfall
regimes are found in the northern and southern parts of the ba-
sin, with the rainy season happening in June, July, and August
(in December, January, and February) and in the North (South)
with more (less) defined wet and dry seasons occurring in the
southern and eastern (northern and western) parts of the basin
[Espinoza et al., 2009]. The Amazon basin is composed by
three morphological units: the Andes with high altitudes and
slopes, the Guyanese and Brazilian shields with moderate
slopes, and the Amazon plain with very low slopes. Extensive
seasonally flooded areas are found at the Amazon plains [Hess
et al., 2003; Papa et al., 2010]. In addition, this region is char-
acterized by complex river hydraulics, where the low river
slopes cause backwater effects to control part of the river dy-
namics [Meade, 1991; Paiva et al., 2012]. The above-men-
tioned characteristics put together give rise to an interesting
discharge regime. Rivers draining southern areas have a maxi-
mum flow occurring from March to May and a minimum one
from August to October. In some other rivers, a weaker sea-
sonal regime can be found, in some cases due to rainfall char-
acteristics and in others, such as the Solim~oes/Amazon main
stem, due to the contribution of lagged hydrographs from
northern and southern areas. In the latter, high (low) water
occurs generally from May to July (September to November).

2.3. Model Discretization, Parameter Estimation,
and Forcing Data

[10] The model discretization into river reaches, catch-
ments, hydrodynamic computational cross sections, and pa-

rameter estimation was carried out using the SRTM DEM
[Farr et al., 2007] with 1500 resolution (approximately 500
m; see Figure 1a) and GIS-based algorithms described in
Paiva et al. [2011a]. The Amazon basin was discretized
into 5763 catchments, ranging from 100 to 5000 km2 (Fig-
ure 1b).

[11] An HRU map with 12 classes was developed using
the Brazilian and South American soil and vegetation maps
[RADAMBRASIL, 1982; Dijkshoorn et al., 2005; Eva et
al., 2002] and the Height Above the Nearest Drainage ter-
rain descriptor [Renn�o et al., 2008] to identify areas close
to rivers where plant-groundwater interactions might take
place.

[12] To avoid excessive computing time, we used a com-
bination of the MC and HD models (Figure 1c). River
reaches that were simulated with the HD model were
selected using the following criteria: (1) river slope lower
than 20 cm/km, based on Ponce’s [1989] criteria for kine-
matic wave models and (2) the presence of large flood-
plains using DEM visual inspection. As a result,
approximately 30% of the reaches were simulated using the
HD model (Figure 1c). River reaches were then discretized
considering the distance between two computational cross
sections Dx¼10 km, based on the criteria of the HD model
numerical scheme performance [Castellarin et al., 2009;
Cunge et al., 1980; Paiva et al., 2011a]. Temporal discreti-
zation for both HD and MC models were Dt¼3600 s, based
on Courant criteria [Cunge et al., 1980].

[13] River geometry parameters, i.e., river width B (m)
and maximum water depth H (m), were estimated as a

Figure 1. (a) Amazon River basin with its main tributaries, international limits, relief from SRTM
DEM, and some of the validation sites. Symbols for the location of the validation sites presented in Fig-
ures 3 and 5 are as follows: black circles for the gauge-based discharge series, gray rectangles for the
gauge-based water level series, and black crosses for the altimetry-based water level series. Amazon
River basin discretization into (b) catchments and (c) river reaches was simulated using the Muskingum
Cunge (MC) and hydrodynamic (HD) models.
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function of the drainage area Ad (km2), using geomorpho-
logic equations developed from river cross sections surveys
achieved at stream gauge locations provided by the Brazil-
ian Water Resources Agency (Agência Nacional das �Aguas
(ANA)). We developed different sets of geomorphologic
equations for six sub-basins within the Amazon defined
by its major tributaries, as shown in Table 1 (see also
Figure 1a).

[14] River bottom levels were estimated from the DEM
using Paiva et al. [2011a] algorithms and Hveg¼17 m (veg-
etation height) to eliminate DEM errors due to vegetation.
In addition, when using DEM to extract water level versus
flooded area curves, all of its pixel values (ZDEM) were cor-
rected using Z�DEM ¼ ZDEM � Hveg , except for areas with
low vegetation, according to the HRU map.

[15] Meteorological data were obtained from the CRU
CL 2.0 data set [New et al., 2002], which provides monthly
climatological values calculated using interpolated data
from ground stations for the period between 1960 and 1990
at a spatial resolution of 100, which is in accordance with
the low density of meteorological stations in the Amazon.
We also used TRMM daily precipitation data provided by
algorithm 3B42 [Huffman et al., 2007], with a spatial reso-
lution of 0.25� � 0.25� for the 12-year period 1998–2009.

[16] The MGB-IPH model parameters related to soil
water budget were calibrated against discharge data from
stream gauges using the MOCOM-UA optimization algo-
rithm [Yapo et al., 1998; Collischonn et al., 2007] for the
1998 to 2005 time period, using the model performance sta-
tistics ENS, ENSlog, and DV, as described in the next section.
For parameter calibration, model runs were used only
within the MC model to avoid high computational costs,
and therefore, we used only stream gauges located in river
reaches simulated with the MC model (Figure 1c). Gauges
located in reaches simulated with the HD model were used
only for validation. The calibration procedure optimized
six parameters related to soil water budget for each HRU
(the maximum water storage in the upper layer of soil Wm ;
three equivalent hydraulic conductivities Kbas, Kint, and
Kcap ; the parameter from the variable contributing area
model for runoff generation b), and three parameters
related to surface, subsurface, and base flow residence time
(Cs, Ci, and TKB) following Collischonn et al. [2007]. We
optimized these parameters for each large river sub-basin,
giving rise to tens of different parameter sets with the fol-
lowing median values and ranges (5% and 95% percen-
tiles): Wm¼282 (30–1800) mm, b¼0.48 (0.02–4.6),
Kbas¼1.2 (0.03–6.9) mm/day, Kint¼5.2 (0.2–200) mm/day,
Kcap¼0.02 (0–0.26) mm/day, Cs¼12.4 (5.6–35.5), Ci¼10.0

(3.9–1379), TKB¼99 (18–386) days. In some cases (10%),
calibrated parameters were out of these ranges, possibly
due to input data errors (e.g., precipitation as discussed
later) or even limitations in the model. Vegetation parame-
ters used in energy balance and evapotranspiration compu-
tations (e.g., leaf area index, superficial resistance, albedo,
and vegetation height) were taken from Shuttleworth
[1993]. The only parameter related to the HD model is the
Manning’s coefficient and it was not calibrated using the
MOCOM-UA algorithm. Instead, we used different values
for different large river basins aiming at fitting hydrographs
in the largest Amazonian rivers (0.035 in almost all the
Amazon basin, 0.025 in the lower Madeira basin, 0.030 in
the upper Madeira, upper Solim~oes, and upper Negro
basins, and 0.040 in upper part of Brazilian Solim~oes
River).

2.4. Model Validation Approach

2.4.1. Discharge
[17] Daily discharge results were compared with data

from 111 stream gauges (Figure 2) provided by the Brazil-
ian Agency for Water Resources (ANA), the Peruvian and
Bolivian National Meteorology and Hydrology Services
(Servicio Nacional de Meteorolog�ıa e Hidrolog�ıa), and the
Hydrology, Biogeochemistry and Geodynamic of the Ama-
zon Basin (HYBAM) program (http://www.ore-hyba-
m.org) for the 1999–2009 period. Values from the
HYBAM database provided better discharge estimates in
the central Amazon as it is based on both stages and water
slope and, consequently, is able to represent looped rating
curves.
2.4.2. Water Level

[18] Simulated daily water levels were validated against
stream gauge records and radar altimetry data. We used 69
stream gauges for the 1998 to 2005 period selected from
ANA’s database (see Figure 5).

[19] We also compared the computed water levels with
ENVISAT satellite altimetry data. ENVISAT satellite has a
35-day repeat orbit and an 80 km intertrack distance. The
database used is an extension of the one presented in Santos
da Silva et al. [2010]. It consists of 212 altimetry stations
(deduced from the intersection of a satellite track with a
water body) with water level time series reported to
EGM08 geoid for the 2002 to 2009 period. Altimetry sta-
tions are located mainly along the Solim~oes, Amazon,
Juru�a, Japur�a, Madeira, Negro, and Branco Rivers (see Fig-
ure 5). ENVISAT data selection techniques preconized by
Santos da Silva et al. [2010] result in approximately 10–40
cm water level accuracy. As water level model results are

Table 1. Geomorphologic Equations Developed to Estimate River Geometric Parameters in Computational Cross Sectionsa

River Subbasin River Width (m) Maximum Water Depth (m)

Tapaj�os and Xingu B¼0.35�Ad
0.62 H¼1.91�Ad

0.15

Purus and Juru�a B¼3.75�Ad
0.36 H¼2.35�Ad

0.16

Madeira B¼1.30�Ad
0.46 H¼1.25�Ad

0.20

Negro and Japur�a B¼0.41�Ad
0.63 H¼1.26�Ad

0.20

Solim~oes B¼0.80�Ad
0.53 H¼1.43�Ad

0.19

Solim~oes/Amazon main stream B¼1.20�Ad
0.54 H¼22 Ad<400,000 km2

H¼20.86þ2.86E-6�Ad Ad<2,150,000 km2

H¼�1.04þ1.30E-5�Ad Ad>2,150,000 km2

aRiver width, B (m); maximum water depth, H (m); upstream drainage area, Ad (km2).
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based on the SRTM DEM, it became necessary to convert
ENVISAT water levels from their initial EGM08 geoidal
reference to an EGM96 geoidal reference. We used the pro-
grams provided by the National Geospatial-Intelligence
Agency (http://earth-info.nga.mil/) to perform the
conversion.

2.4.3. Flood Extent
[20] Flood inundation results were compared with a mul-

tisatellite monthly global inundation extent data set at an
approximately 25 km � 25 km spatial resolution and avail-
able over the 1993–2004 period [Papa et al., 2010]. This
product was derived from multiple-satellite observations,

Figure 2. Validation of daily discharge derived from MGB-IPH model against stream gauge observa-
tions. Spatial distribution and probability (pdf) and cumulative (cdf) distribution functions of model per-
formance statistics : (a) Nash and Sutcliffe index (ENS), (b) delay index (DI), (c) volume error (DV), and
(d) relationship between upstream drainage area and model performance statistics.
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including passive (Special Sensor Microwave Imager) and
active (ERS scatterometer) microwaves along with visible
and near-infrared imagery (advanced very high-resolution
radiometer). This data set was already used for validating
other large-scale streamflow routing and flood models [e.g.,
Decharme et al., 2011; Yamazaki et al., 2011]. It is pro-
vided on an equal area grid of 0.25� � 0.25� at the Equator
where each pixel has 773 km2 of surface area. Considering
this, for model validation, we computed daily water depth
grids at a 1500 resolution (�500 m) based on simulated
water levels and the DEM, as described in Paiva et al.
[2011a], and then we resampled it into an approximately 25
km � 25 km grid to compute monthly inundation extent
only for the 1999–2004 time period.
2.4.4. Terrestrial Water Storage

[21] The GRACE mission, launched in March 2002,
provides measurements of the spatiotemporal changes in
Earth’s gravity field. Several recent studies have shown
that GRACE data over the continents can be used to
derive the monthly changes of the TWS [Ramillien et al.,
2005, 2008; Schmidt et al., 2008] with an accuracy of
approximately 1.5 cm of equivalent water thickness when
averaged over surfaces of thousands of square kilometers.
These TWS changes estimates over land include all hydro-
logical compartments, such as rivers, floodplains, lakes,
soil, and groundwater. We used the level 2 land water sol-
utions (RL04) produced by GFZ, JPL, and CSR with a
spatial resolution of approximately 333 km and an accu-
racy of 15–20 mm of water thickness. These are smoothed
solutions using a 400 and 500 km half-width Gaussian fil-
ter and provided at 1� � 1� and at a monthly time interval.
They are also postprocessed using an independent compo-
nent analysis approach [Frappart et al., 2010], which
demonstrates a strong capacity for removing the north-
south stripes polluting the GRACE solutions [Frappart
et al., 2011b].

[22] To derive TWS estimates from the MGB-IPH model,
we used the following procedure. For each catchment, total
water storage S (considering river, floodplain, surface, soil, and
ground waters) is related to precipitation (P), evapotranspira-
tion (ET), river inflow (I), and outflow (O) by the continuity
equation dS/dt¼(P�ET)�AdþI�O, where Ad is the catchment
drainage area and t is time. For each day, water storage was
derived as Stþ1¼Stþ [(Pt,tþ1�ETt,tþ1)�AdþIt,tþ1�Ot,tþ1]Dt,
where Dt is the time interval, similarly as used by Getirana
et al. [2011] at the basin scale for the Negro River basin.

[23] Then, to derive model TWS estimates comparable
with GRACE data, we smoothed MGB-IPH TWS values
using a 450 km half-width Gaussian filter. Moreover, as the
original GRACE spatial resolution is larger than 1� � 1�,
we chose to resample both GRACE and MGB-IPH data to
a 4� � 4� grid (Figure 9). For each 4� � 4� pixel, TWS
derived from GRACE was computed as a simple average
of the 1� � 1� pixels, and TWS from MGB-IPH model was
estimated as the weighted mean of TWS of all catchments
inside each 4� � 4� pixel, using catchment drainage area as
weight. Finally, we computed TWS anomalies using the
2003–2009 long-term average.
2.4.5. Model Performance Statistics

[24] MGB-IPH model results were compared with the
observations using some statistics commonly used in
hydrological modeling studies: (1) Nash-Sutcliffe coeffi-

cient ENS; (2) log-Nash-Sutcliffe coefficient ENSlog [Colli-
schonn et al., 2007], i.e., ENS computed using a logarithm
transformation on discharge time series to focus on low
flows; (3) relative bias DV (%) or BIAS; and (4) Pearson’s
correlation coefficient R. A ‘‘delay index’’ (DI, in days)
[Paiva et al., 2011b] was used to measure errors related to
the time delay between simulated and observed hydro-
graphs. It is computed using the cross correlation function
Rxy(m) from simulated (x) and observed (y) time series,
where DI equals the value of the time lag m and where
Rxy(m) is at maximum. Positive (negative) DI values indi-
cate delayed (advanced) simulated hydrographs. Further-
more, we measured the water level, the TWS, and the flood
extent amplitude error A0¼100(Acalc �Aobs)/Aobs, where
Acalc and Aobs are the simulated and observed amplitudes.
The amplitude A of a given variable is defined here as the
difference between its 95% and 5% percentiles. Due to dif-
ferences in water levels datum reference and as GRACE
actually measures TWS changes, for these variables, all
model performance statistics (except BIAS) were computed
after removing the long-term average.

3. Model Validation

3.1. Discharge

[25] Validation against river discharges shows a good
performance of the MGB-IPH model. According to Figure
2, in 70% of the stream gauges, the ENS>0.6 and model
represents mean discharge with accuracy, as volume errors
jDVj<15% in 75% of the gauges. According to ENS and DV
values (Figure 2d), the model performs better in large riv-
ers, although it is sufficiently good in the smaller ones
(ENS>�0.5 and jDVj<�20%). The flood waves’ timing is
also well represented by the model and DI<5 days in 70%
of the stream gauges. DI values increase in large rivers and,
for example, simulated flood wave is 5–15 days in advance
in the Solim~oes/Amazon main stem. However, these values
can be considered small if compared with the large flood
traveling times of Amazon large rivers (a couple of
months).

[26] Most of the errors are concentrated in rivers drain-
ing westerly areas in Bolivia, Peru, and Colombia, where
the model underestimates discharges. However, these
errors can compensate each other and provide feasible dis-
charge results in downstream rivers. We speculate that such
errors are a consequence of the poor quality of TRMM
3B42 rainfall data set in these areas, which are poorly
monitored and/or mountainous. This is supported by the
sensitivity analysis presented in section 4, which shows
that errors in precipitation cause large changes in mean dis-
charge as well as in water depths and flood extent. Errors in
satellite rainfall estimates over the Andean region of the
Amazon were also shown by Condom et al. [2010] and by
Tian and Peters-Lidard [2010] in a global map of uncer-
tainties of satellite precipitation estimates.

[27] Results for the main Amazon tributaries are promis-
ing (Figure 3). A very good model performance can be
found in Juru�a and Purus River basins, where the model is
able to represent complex (noisy) hydrographs in the upper
part and flood waves attenuations as they travel down-
stream (see Figure 3c for lower Purus). For the Madeira
River basin, errors are found mostly in the Bolivian region
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Figure 3. Observed (blue line) and simulated (red line) daily discharge in (a) Japur�a River (Jap), (b)
lower Negro River at Moura (Mou), (c) lower Purus River (Pur), (d) lower Madeira River at Fazenda
Vista Alegre (Faz), (e) lower Tapaj�os River at Itaituba (Ita), (f) Solim~oes River at Tamshiyacu (Tam),
(g) Solim~oes River close to confluence with Negro at Manacapuru (Man), and (h) Amazon River at
Obidos (Obd). Sites are indicated in Figure 1.
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(Figure 2); however, in most of the Brazilian tributaries
and in the Madeira main stem, the discharge is well repre-
sented (Figure 3d). Satisfactory model results are also
found at Tapaj�os River basin (Figure 3e), where hydro-
graphs are mostly dominated by direct runoff and base
flow, as large floodplains are not present (see Figure 7). At
Japur�a River, which drains parts of the Andes of Colombia
and Peru, the model results are poor, as shown in Figure 3a.
At Negro River basin, better results are found mostly in the

Branco River basin (northeast) and worst results in the
upper Negro River (northwest) ; however, it shows
improvement in lower Negro River.

[28] Although there are large errors in the upper part of
the Solim~oes river basin in Peru, flood waves are well rep-
resented in the Solim~oes/Amazon main stem, as shown in
Figures 3f and 3g at Tamshiyacu and Manacapuru, respec-
tively. At �Obidos site, located close to the Amazon River
outlet, results (Figure 3h) show a good performance of the
MGB-IPH model. ENS is high (0.89), the volume error is
low (�4.6%), and the flood wave is advanced in only �11
days. Hydrological extremes such as the 2005 drought and
the 2009 flood are well represented (Figure 3h), and the
model captured interannual variability (Figure 4).

3.2. Water Levels

[29] Validation against water levels from stream gauges
shows that the model is performing well in the major tribu-
taries of the Amazon (Figure 5). ENS>0.60 in 55% of the
stream gauges and R>0.8 in 80% of the cases. Water level
results are similar to the observations in large rivers, such
as in the Solim~oes River (Figure 6a), and also in smaller
rivers where fast flood waves are present, such as in the
Acre River in the upper Purus basin (Figure 6b). Timing of
flood waves are well represented in most gauges (DI<5
days in 80% of the cases). Validation against ENVISAT
satellite altimetry data also shows that the model performs

Figure 4. Observed (blue line) and simulated (red line)
anomalies of monthly discharges in the Amazon River at
Obidos (Obd).

Figure 5. Validation of daily water levels derived from MGB-IPH model against stream gauge obser-
vations (squares) and ENVISAT satellite altimetry data (circles). Spatial distribution of model perform-
ance statistics : Nash and Sutcliffe index (ENS), Pearson’s correlation coefficient (R), amplitude error
(A0), delay index (DI), and bias (BIAS).

PAIVA ET AL.: HYDROLOGIC AND HYDRODYNAMIC MODELING OF THE AMAZON RIVER BASIN

1233



well, mostly in central Amazon, Solim~oes, Juru�a (Figure
6d), Branco (Figure 6e), and Madeira River, and ENS>0.6
in 60% of the virtual stations.

[30] However, large errors are found in some sites. A
part of them is located in rivers draining poorly monitored
and/or mountainous areas where discharges are also poorly
simulated (see section 3.1). In some of the stream gauges,
despite the fact that the observed and simulated water lev-
els are highly correlated and DI values are low, large am-
plitude errors are present, which indicates that model errors
are due to the uncertainty of local cross section geometry,
e.g., river width. In other sites located mainly close to a
confluence with a large river (e.g., lower Tapaj�os River in
Figure 6c), there are large errors of timing and shape of
flood waves, probably because either simulated or observed
water levels are controlled by both upstream flow and back-
water effects. In this case, errors in river bottom level esti-
mates could give rise to errors in the extension of
backwater effects and in the timing of flood waves [similar
to Paiva et al., 2012]. We also found a large bias between
model and ENVISAT water levels, ranging from �3 to
�15 m (Figure 5). Smaller bias values were found by
Yamazaki et al. [2012b] in the Amazon main stem, and dif-
ferences may be associated to different methods for extract-
ing errors from the DEM. In addition, important errors are
found in lower Amazon River (Figures 5 and 6f). The cor-
relation with the observations is very high; however, the
model strongly underestimates the amplitude of water levels.
Such errors could be due to errors in river width estimates
and also in the DEM data and therefore floodplain geometry
errors. These problems cause errors in flood extent and con-
sequently in river-floodplain volume exchanges, as sup-
ported by the sensitivity analysis presented in section 4.

3.3. Flood Extent

[31] The overall inundation extent results from the
MGB-IPH model are similar to remote sensing estimates
from Papa et al. [2010], showing the seasonal variation of
flood extent and the north-south contrast, with flood peaks
occurring in DJF and MAM at the Bolivian Amazon, in
MAM and JJA at central Amazon, and JJA in the north
(Figure 7).

[32] The model provides total inundation extent similar
to remote sensing estimates (Figure 8) for the whole Ama-
zon basin, with relatively good model performance statis-
tics: ENS¼0.71, R¼0.92, A0¼�26%, and BIAS¼�7%.
However, analyses in different regions (rectangles in Fig-
ure 7) show that errors are compensated when generating
the overall estimate.

[33] The best model results are found in central Amazon
(Figure 8), where a relatively low amplitude error (12%),
bias (14%), and high correlation coefficient (0.85) are
found. In the Peruvian Amazon (Figure 8c), the model
overestimates flood extent although the seasonal variation
is well represented, whereas in the Bolivian Amazon (Fig-
ure 8b), low water period and seasonal variation are well
captured by the model; however, flood at high water period
is underestimated (DJF and MAM). In lower Amazon (Fig-
ure 8d), bias is only �30% and the seasonal variation is
well represented (R¼0.90). However, the model underesti-
mates the amplitude and flood at the high water period,
leading to a low ENS value. This is in accordance with
errors in water levels presented in section 3.2.

[34] It is noteworthy that a part of the errors could come
from the remote sensing observations. A previous and simi-
lar data set [Prigent et al., 2007] seems to overestimate
flood extent in the lower Amazon and underestimate it in

Figure 6. Simulated (red line) and observed daily water levels from stream gauges (blue line) and
derived from ENVISAT satellite altimetry data (blue points) at (a) Solim~oes River (Sol), (b) upper Purus
River basin at Acre River in Rio Branco (RBra), (c) lower Tapaj�os River at Itaituba (Ita), (d) lower Juru�a
River (Jur), (e) lower Branco River (Bra), and (f) Amazon River at �Obidos (Obd). Sites are indicated in
Figure 1.
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the Solim~oes floodplain (central Amazon) if compared with
Hess et al. [2003] dual season estimates for 1996 high
water and 1995 low water periods.

[35] Errors in flood extent may be due to uncertainty in
river-floodplain geometry parameters, as presented in sec-
tion 4. For example, important errors are found in water
levels and inundation extent in the lower Amazon River. In

both cases, model results are highly correlated with the
observations; however, the model underestimated the am-
plitude of water levels and flooded area. We speculate that
the errors in lower Amazon River are due to river width
errors and DEM errors. We used a coarser version of
SRTM DEM with an approximately 500 m resolution
instead of 90 m, whereas floodplain flows can be partly

Figure 8. Monthly flooded area derived from MGB-IPH model (red dashed line) and remote-sensing
estimates from Papa et al. [2010] (blue line) at central Amazon (8�S 70�W to 2�N 60�W), Bolivian
Amazon (18�S 70�W to 10�S 60�W), Peruvian Amazon (12�S 78�W to 0�S 70�W), lower Amazon (8�S
60�W to 0�S 50�W), and Amazon River basin. Regions are presented in Figure 7.

Figure 7. Seasonal variation of inundation extent derived from MGB-IPH model and remote-sensing
estimates from Papa et al. [2010]. Average values for DJF, MAM, JJA, and SON seasons were com-
puted for the 1999–2004 period.
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controlled by smaller scale topography such as small chan-
nels [Trigg et al., 2012]. Besides, the SRTM DEM has sys-
tematic errors related to vegetation and surface water
effects [Sun et al., 2003]. We corrected these errors using
methods presented in Paiva et al. [2011a] for river bottom
level estimation and subtracting a constant value of
Hveg¼17 m in all DEM pixels, except where there is low
vegetation. However, vegetation height may be variable
even in forested areas. For example, in lower Amazon,
large marginal lakes are present in floodplain [e.g., Melack
and Hess, 2010; Bonnet et al., 2008], and due to the correc-
tion applied in DEM, they are always flooded in the model
simulation. Furthermore, a small water level variation leads
to less river-floodplain volume exchanges.

3.4. Terrestrial Water Storage

[36] Analyses show that the model provides TWS in
good accordance with GRACE estimates. ENS values for
TWS over the whole Amazon is 0.93, the correlation coef-
ficient is high (0.97), and the amplitude error is low (12%).
Figure 9d shows that interannual variability is represented
by the model, including the 2005 drought and the 2009
flood.

[37] We also examined results in 21 square subregions
with spatial resolution of 4� � 4�. ENS<0.8 and R<0.9
only in five areas, and these are found mostly in the north-
west part of the Amazon and in the upper Branco River ba-
sin, possibly due to the same errors reported in discharge
results related to the precipitation forcing. In addition, these

areas are concentrated in the border of the river basin,
where the Gaussian filter applied to the model results may
have added errors. In other parts of the Amazon, results
were provided in accordance with GRACE estimates (e.g.,
Figures 9b and 9c). Amplitude errors are larger than 20%
only in five subregions, located in west and in lower Ama-
zon River. In the latter, errors are in accordance with the
underestimation of water level and flood extent amplitude
presented in sections 3.2 and 3.3.

4. Sensitivity Analysis

[38] We performed a sensitivity analysis to investigate
the sources of model errors and also the physical function-
ing of the Amazon River basin. The model sensitivity to six
model parameters/variables was evaluated: river width,
Manning’s roughness coefficient, river bottom level, pre-
cipitation, flooded area, and maximum soil storage. In all
cases, each parameter/variable was equally perturbed in all
Amazon river basin by the factors þ50, þ20, 0, �20, and
�50%, except for river bottom level where we used þ3,
þ1, 0, �1, and �3 m. Results were evaluated in terms of
discharge close to the basin outlet at �Obidos station (Obd
site at Figure 1), water depth at central Amazon at Manaca-
puru station (Man site at Figure 1), and total flooded area
(Figures 10 and 11) using climatological values computed
from the 1999 to 2009 time period.

[39] An important interaction between water levels,
flooded areas, and discharge occurs during flood waves

Figure 9. Validation of monthly terrestrial water storage (TWS) derived from MGB-IPH model
against GRACE estimates (2003–2009). (a) Spatial distribution of Nash and Sutcliffe index (ENS), am-
plitude error (A0), and observed amplitude (Aobs). Monthly time series of TWS derived from MGB-IPH
model (black) and six GRACE solutions (gray) in (b) lower Negro River Basin (4� � 4� pixel centered
in 62�W, 2�S), (c) Upper Tapaj�os River Basin (58�W, 10�S), and (d) Amazon River Basin. Statistics are
presented for CSR solution with 400 km Gaussian filter.
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traveling (Figure 10). A decrease in river width causes a
large increase in water depths and levels, consequently an
increase of flooded areas occurs and flood waves are atte-
nuated and delayed in a couple of months, causing minor
flood flows and droughts, although the mean discharge
does not change. Still, an increase in river width decreases
water depth and flood inundation, resulting in advanced
flood waves and major high water discharges. An explana-
tion would be that larger amounts of water are stored and
released across the floodplains, causing larger flow travel
times. An inverse effect is observed perturbing Manning’s
roughness coefficient. River width and Manning’s coeffi-
cient results are similar to those discussed by Yamazaki et
al. [2011] about river and floodplain interactions and flood
wave travel times.

[40] Increasing river bottom levels causes, at first, a
smaller difference between river and floodplain bottom lev-

els, and as a result, flooding is easier to occur. Conse-
quently, flood extension increases and the aforementioned
effect takes place with a delayed flood wave. However,
now water depth decreases possibly because larger amounts
of water enter in floodplains.

[41] Precipitation is the most sensitive variable (Figure
10) and increasing it dramatically increases mean dis-
charge, water depths, and flood extent. In addition, the
same river-floodplain interaction takes place and flood
waves are delayed and attenuated, although changes in
mean values are much more pronounced.

[42] Positive changes in flooded areas (from the z versus
Afl curve derived from the SRTM DEM) cause a similar
effect than that observed in the river bottom level, with a
decrease in water depths and delayed and attenuated flood
waves (Figure 11). Finally, we examined maximum soil
water storage (Figure 11), the most sensitive parameter of

Figure 10. Sensitivity analysis: climatology of discharge at �Obidos (Obd), water depth at Manacapuru
(Man), and total flooded area derived from simulations using perturbed values of river width, Manning’s
coefficient, river bottom level, and precipitation.
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vertical water/energy balance of the MGB-IPH model [Col-
lischonn, 2001]. Positive perturbations decrease all varia-
bles, probably because larger amounts of available water in
the soil facilitate larger evapotranspiration rates. However,
the sensibility of this parameter is not as pronounced as the
others.

[43] It is worth mentioning that we evaluated errors
equally distributed over the entire basin and that local
uncertainties can cause different kinds of errors in dis-
charges, water depths, and flood extent. For example, errors
in river width in a small reach may cause errors in both the
mean and amplitude of water depths and consequently in
local flood extent; however, these errors may not have a
major influence over other parts of the basin.

[44] The analysis shows that input data uncertainty might
play an important role in model errors. The model results
are very sensitive to river-floodplain parameters, indicating

the need to improve current estimation methods, which are
based mostly in geomorphological relations and informa-
tion from the SRTM DEM. These conclusions are consist-
ent with recommendations from other modeling studies
using global river-flood models [Decharme et al., 2011;
Yamazaki et al., 2011] and a flood inundation model [Wil-
son et al., 2007]. Data from field campaigns could be used;
however, methods using remote sensing to estimate river
width and bottom level should also be investigated, such as
in Durand et al. [2010a]. Moreover, either a new DEM or a
more sophisticated correction of the SRTM DEM is
needed, removing vegetation height in forested areas and
estimating bottom level of floodplain lakes. Vegetation
effects could be removed, for example, using a global vege-
tation height map, such as in Simard et al. [2011]. Water
level effects could be removed using a combination of sat-
ellite altimetry water levels and flood extent data, such as
the techniques used by Frappart et al. [2008, 2011a] to
estimate floodplain volumes variation. DEM corrections to
allow better flow connectivity in small channels connecting
floodplains such as those presented by Yamazaki et al.
[2012a] could also be used. Additionally, data from the
future surface water and ocean topography mission could
also be used [Durand et al., 2010b].

5. Aspects of Amazon Hydrological Processes

5.1. Water Balance

[45] Figure 12 presents the main components of water
balance of the Amazon basin, comprising mean precipita-
tion (P), evapotranspiration (ET), and discharge (Q) at
�Obidos station rates derived from model results. Mean an-
nual rates for the 1998–2009 period are P¼5.65 mm/day,
ET¼2.72 mm/day, and Q¼3.09 mm/day. As discussed in
section 3.1, simulated discharge is similar to the observa-
tions at �Obidos station, with a small bias equal to �4.6%.
Mean precipitation, which is based on TRMM 3B42 v6
data, is slightly smaller (�6%) than values obtained in
others: 6.0 mm/day from Espinoza et al. [2009] based on
756 pluviometric stations; 6.3 mm/day from Azarderakhsh
et al. [2011] based on the Global Precipitation Climatology
Project (GPCP) gauged and remote sensing data; 5.8 (5.2–
8.6) mm/day by Marengo [2005] based on several rain
gauges, remote sensing, and reanalyses-based data. ET
rates are also comparable with values obtained in other
studies, although there are large differences between them:
2.27 mm/day by Azarderakhsh et al. [2011] using global
remote sensing-based products; 4.3 mm/day by Marengo
[2005]; 3.23 mm/day by Ruhoff [2011] using MOD16
remote sensing product but including the Tocantins basin;
and 3.2 mm/day (at Negro basin), 2.9–3.8 mm/day, and
2.6–3.0 mm/day using modeling results by Getirana et al.
[2010], Costa and Foley [1997], and Beighley et al. [2009],
respectively.

[46] Precipitation (P) exhibits a large seasonal variation,
with larger rates (P>7 mm/day) between December and
April with the maximum at February and March (P � 8.5
mm/day) and minimum values at July and August (P � 2.5
mm/day). The mean Amazon ET is almost constant along
the year, without significant seasonal variations. The com-
bination of P and ET rates causes a marked seasonal behav-
ior in discharge, with maximum (minimum) values of 4.3

Figure 11. Sensitivity analysis : climatology of discharge
at �Obidos (Obd), water depth at Manacapuru (Man), and
total flooded area derived from simulations using perturbed
values of flooded area and maximum soil storage.
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(1.9) mm/day, occurring in May–June (October–November).
Discharge signal is delayed in 3 months if compared with P,
showing the large water travel times along the Amazon riv-
ers and floodplains.

[47] Although the seasonally inundated floodplains play
an important role in water transport throughout the Amazo-
nian rivers, as demonstrated by the sensitivity analysis and
by the results shown in the next section, it seems not to
have a major influence in water balance. Figure 12 shows a
comparison of Q and ET results from two simulations, one
considering the effect of seasonal flooded areas on ET
[using methods described in Paiva et al., 2011a] and the
other without such consideration, and the differences
between them are insignificant. Although this is a prelimi-
nary analysis and as ET from flooded forests is not com-
pletely represented using the Penman Monteith approach, a
possible explanation could be that (1) flooded areas repre-
sent a small part (less than 5%) of the total area of the
Amazon and that (2) ET in the Amazon is driven mostly by
radiation [Costa et al., 2010] and not by water availability
and consequently ET rates from flooded and nonflooded
forests are similar.

5.2. Terrestrial Water Storage

[48] In this section, the Amazon TWS changes and the
role of surface, soil, and ground waters on TWS are
explored. Analyses of Figure 9 based on GRACE data
show a marked seasonal variability of TWS with large am-
plitude of variation (325 mm, mean of all GRACE solu-
tions). Larger TWS variations are found mostly in central
Amazon, with amplitudes of TWS larger than 750 mm, and
smaller values are found in the Andean region (<300 mm).
To evaluate the main contributors of the TWS variations,
we computed the water storage of three major hydrological
compartments using model results, namely surface water

(sum of river, floodplain, and surface runoff storages), soil
water, and ground water, and calculated the respective am-
plitude of variation as described in section 2. The ampli-
tude of variation of surface waters governs most of TWS
changes in the Amazon basin (see Figure 13), mostly in
central Amazon and areas with large floodplains (see Fig-
ures 7 and 13a). Soil water presents an important contribu-
tion on TWS changes in south-eastern areas, whereas
ground water is the least important compartment in almost
all regions. Surface waters dominate TWS variations for
the whole Amazon area with a fraction of 56%, followed
by soil (27%) and ground water storages (8%; see Figure
13b). In addition, surface and soil water present similar sea-
sonal variation, whereas groundwater storage presents a
small delay. Results agree with Han et al. [2009] and Frap-
part et al. [2008], which indicated the dominant role of sur-
face waters in TWS variations in the Amazon. The results
also agree with Frappart et al. [2011a] that, using mostly
remotely sensed data sets at the Negro river basin, showed
that TWS changes are dominated by surface waters fol-
lowed by soil and ground water with similar importance.
Our results are also similar with Kim et al.’s [2009] esti-
mates for the Amazon in a global study using modeling
results, where river storage including shallow ground water
(soil moisture) explained 73% (27%) of total TWS changes.

Figure 12. Water balance of the Amazon River basin.
Monthly (left) and climatological (right) values of mean
precipitation (black), evapotranspiration (red), and dis-
charge close to the outlet at �Obidos (blue). Continuous lines
(points) show simulation results (not) considering the influ-
ence of flood extent variability on evapotranspiration.

Figure 13. Fraction of terrestrial water storage divided
into surface, soil, and ground waters. (a) Spatial distribu-
tion of the fraction of TWS amplitude from each hydrologi-
cal compartment. (b) Monthly time series of TWS from
surface (blue), soil (red), and ground (black) waters.
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5.3. River-Floodplain Hydraulics

[49] To finish our analyses of the Amazon hydrological
processes, river and floodplain processes are investigated,
and the importance of backwater effects and flood inunda-
tion in stream flow routing is evaluated. We compared dis-
charge results from four model runs using the same
parameters and model input forcings in all of them, but
with different kinds of stream flow routing methods: (1)
HDf, HD model with floodplains, equal to model configura-
tion used in the rest of the manuscript ; (2) MCf, MC with
floodplains, using a nonlinear version of the MC as pre-
sented by Todini [2007] and extended by Pontes [2011] to
consider floodplains; (3) HDn, HD model without flood-
plains; and (4) MCn, MC without floodplains. The MC-
based models, MCf and MCn, do not deal with backwater
effects, as they are based on a kinematic wave approxima-
tion of the Saint Venant equations and do not consider nei-
ther the inertia nor the pressure forces, whereas HDn and
MCn models do not represent flood inundation.

[50] Results shown in Figure 14 and in Table 2 indicate
the better performance of the complete HD model (HDf) in
comparison with the other methods. Including backwater
effects and floodplain storage generally delay and attenuates
hydrographs, and simulations agree with observations (e.g.,
ENS¼0.89 and 0.77 and DI¼�11 and �10 days at �Obidos
and Manacapuru stations, respectively). Neither considering
backwater effects nor floodplains (MC run) causes very
advanced (DI¼�64 and �76 days) and noisy hydrographs,
with low ENS values (ENS¼�0.51 and �1.44) and discard-
ing only flood inundation (HDn run) cause a similar effect.
However, to include floodplains only (MCf) is not sufficient
to reproduce observed discharges (ENS¼0.72 and 0.31), and
hydrographs still advanced about 15 and 25 days if com-
pared with the most complete model (HDf). Possibly, the
influence of floodplains is increased when the pressure term
is present, as discussed in Paiva et al. [2012].

[51] These results suggest that floodplains play a major
role in flood wave attenuation and delay; however,

Figure 14. Observed (black line with dots) and simulated discharges at �Obidos (a) and Manacapuru
(b) sites using hydrodynamic model with floodplains (blue line with dots), Muskingum Cunge with
floodplains (red line), hydrodynamic model without floodplains (dashed black line), and Muskingum
Cunge model without floodplains (gray line).

Table 2. Discharge Model Performance Statistics of Nash and Sutcliffe Index (ENS) and Delay Index (DI, days) at Gauging Stations
Presented in Figure 1a

Gauge River

ENS DI (days)

HDf MCf HDn MCn HDf MCf HDn MCn

Jap Japur�a 0.21 0.22 0.11 0.1 �21 �21 �27 �27
Mou Negro 0.65 0.66 0.49 0.45 5 �6 �24 �26
Pur Purus 0.91 0.74 0.66 0.61 �6 �18 �22 �24
Faz Madeira 0.92 0.88 0.63 0.54 8 �4 �26 �29
Ita Tapaj�os 0.87 0.84 0.85 0.85 �2 9 �5 �5
Tam Solim~oes 0.74 0.67 0.21 0.04 �3 �11 �35 �39
Man Solim~oes 0.77 0.31 �1.15 �1.44 �10 �36 �71 �76
Obd Amazon 0.89 0.72 �0.37 �0.51 �11 �24 �60 �64

aThe simulations used were as follows: hydrodynamic model with and without floodplain (HDf and HDn, respectively) and Muskingum Cunge model
with and without floodplain (MCf and MCn, respectively).
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backwater effects also cause important impacts. The results
are in accordance with preliminary analyses from Paiva et
al. [2012]; however, they disagree with Yamazaki et al.
[2011], who presented similar conclusions about floodplain
storage but stated that backwater effects have a minor
impact on hydrographs and are more important for repre-
senting water level profiles.

[52] Although discussions from previous sections indi-
cate that the model errors may arise from uncertainty in
input data, results from this section show the importance of
the model structure. Our approach is relatively complex in
terms of river hydraulics as it uses full Saint Venant equa-
tions, but is somehow simplified in terms of floodplain sim-
ulation. Consequently, it cannot fully represent all aspects
of floodplain hydrodynamics such as bidirectional flows
and river-floodplain water level dynamics [Alsdorf et al.,
2003, 2007; Bonnet et al., 2008) and flow in small flood-
plain channels [Trigg et al., 2012]. We believe that differ-
ent flood inundation approaches [e.g., Bonnet et al., 2008;
Paz et al., 2011; Wilson et al., 2007; Bates and De Roo,
2000; Neal et al., 2012] coupled with full HD models
should still be tested to check its feasibility to represent all
floodplain processes and the influence of these processes in
large-scale stream flow routing and inundation dynamics.

6. Summary and Conclusions

[53] We present an extensive validation of the physically
based large-scale hydrologic and HD model MGB-IPH in
the Amazon River basin using in situ and remote sensing
datasets. Sources of model errors, which can be extrapolated
to other similar large-scale models, were investigated by
using model validation results and also supported by sensi-
tivity tests. Finally, aspects of the physical functioning of
the Amazon River basin are discussed taking advantage of
the model results.

[54] The model is able to reproduce observed hydro-
graphs at different spatial scales, although performance is
usually better in large rivers with large flood wave travel
times. The model provides feasible water level results in
most of the gauging stations and also at altimetry-based
validation sites and overall inundation extent results similar
to the remote sensing estimates. Discharge is well simu-
lated even in regions where other hydrological variables
are not well represented, as in the lower Amazon where
some errors in water levels and flood extent can be found.
TWS results also agree with GRACE-derived estimates.

[55] Results from the sensitivity analysis indicate that
model input data uncertainty may play an important role in
model errors such as the ones presented in the model vali-
dation, although part of them can be due to the uncertainty
in remote sensing data used here as observations. Precipita-
tion forcing is the most sensitive variable, causing signifi-
cant errors in mean discharge, water depth, and flood
extent. At the same time, important errors occur in westerly
areas, which may be a consequence of the poor quality of
TRMM 3B42 rainfall data sets in these areas, which are
mountainous and/or poorly monitored.

[56] The model results are also very sensitive to river-
floodplain parameters, including river width and bottom
level, Manning’s roughness coefficient, and floodplain ba-
thymetry. Important interactions between water levels,

flooded areas, and discharge errors are observed during the
floodwaves traveling. Uncertainty in river and floodplain
geometry, estimated through geomorphological relations
and the SRTM DEM, causes errors in simulated water lev-
els and inundation extent in some areas, indicating the need
for improving current parameter estimation methods. These
parameters are similar to the ones required in other large-
scale models, and its uncertainty may cause errors in these
models as well. Some alternatives to that could be the
usage of newly remote sensing techniques for parameter
estimation or corrections of the SRTM DEM to remove
vegetation height in forested areas and to estimate bottom
level of floodplains.

[57] Overall water balance derived from model results is
similar to estimates from previous studies. Mean annual rates
of precipitation, evapotranspiration, and discharge at �Obidos
station are P¼5.65 mm/day, ET¼2.72 mm/day, and Q¼3.09
mm/day, respectively. TWS changes show marked seasonal
variability with a large amplitude of variation of 325 mm for
all Amazon, and larger amplitude values (>750 mm) are
found in central Amazon. Surface waters govern most of
TWS changes in the Amazon basin (56%), mostly in central
Amazon and in areas with large floodplains, whereas soil
water presents an important contribution to TWS changes
(27%), mainly in south-eastern areas and groundwater, it is
the less important hydrological compartment (8%).

[58] Finally, river and floodplain processes and the im-
portance of backwater effects and flood inundation in
stream flow routing were investigated. Results suggest that
floodplains play a major role in flood wave attenuation and
delay; however, backwater effects also cause important
impacts, indicating the importance of including a flood
inundation module and a complex Saint Venant equation
approximation for river floodplain processes modeling in
the Amazon. In contrast, although the seasonally inundated
floodplains play an important role in water transport along
Amazonian rivers, it seems not to have a major influence
on evapotranspiration and water balance.
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