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ABSTRACT

Water fluxes in the Amazon River floodplain affect hydrodynamic and ecological processes from local to global scales, but they remain poorly understood due to
difficult accessibility and limited data. We characterized the hydrodynamics of eight floodplain units of the central Amazon River (40000 km?) using the 2D hydraulic
model HEC-RAS. High resolution modelling (~400 m) improved the representation of river and floodplain discharge, water surface elevation (77 cm accuracy) and
flood extent (~80% - high water period, ~52% - low water period) compared to past modelling studies. Our results show that floodplain flows during floods are very
intense with upstream inflow and downstream outflow of the floodplain units. These gross flows are much larger than the net flows, with values of up to 20% of the
Amazon River discharge and residence time around 6 days during floods (several months during low water period). Water extent did not show strong interannual
variability during floods as the volume stored in the floodplain did, possibly due to topographic constraints. Significant hysteresis in flood extent and volume, and
active and storage zones on the floodplain highlight the complexity of floodplain hydrodynamics. Extreme floods strongly impacted the onset and duration of the
flood by up to one month and, consequently on duration of high water renewal period with the river. Our characterization is important to assess the effects of extreme
floods on riverine communities, understand nutrient and sediment variations in the floodplain, and characterize the export of water, sediment, and carbon flux to the

ocean from the world’s largest hydrological system.

1. Introduction

The Amazon is the largest river system in the world in both drainage
area and discharge. Its annual flood pulse seasonality thus causes large
annual variation in water surface elevation and flooded area in
Amazonian floodplains. Water level amplitude can reach up to 13 m
(Birkett et al., 2002) and the entire water surface extent of the basin
varies between 284200 km? during lowest water levels (October-
November) and 633500 km? during highest levels (April-May)
(Fleischmann et al., 2022; Hess et al., 2015). Moreover, vertically
averaged bidirectional flows and water residence times in Amazonian
floodplains are dynamic in space and time, producing complex patterns
of water surface elevation variation (Alsdorf et al., 2007; Cao et al.,
2018). The lower Amazon River is also unique in that the largest flux of
fluvial water in the world passes through the reach (average discharge
of ~ 190000 m® s 1), more than four times larger than the second largest
basin in the world (average discharge of Congo River ~ 40000 m® s~%;
Alsdorf et al., 2016). The Amazon River flood pulse also has strong

* Corresponding author.

influence on regional and global processes such as sediment transport
(Armijos et al., 2020; Dunne et al., 1998), geomorphic evolution (Fricke
et al., 2019; Latrubesse and Franzinelli, 2002), vegetation distribution
(Ferreira-Ferreira et al., 2014), seed dispersal (Melack et al., 2009),
carbon dioxide (Abril et al., 2014) and methane emissions (Basso et al.,
2021), and commercial and subsistence fisheries (Duponchelle et al.,
2021). Therefore, understanding the water flow between the Amazon
River and its associated floodplain is of great importance for better
understanding all these processes.

The floodplains along the Amazon River mainstem vary between 20
and 50 km wide over the 1100 km reach between the confluence of the
Negro and Xingu rivers. Given its sheer extent and difficult access, the
existence of reliable, continuous and spatially representative in situ
measurements of topography, water level, and water flow are limited
making the detailed hydrodynamics of the Amazon river-floodplain
system still poorly known. Low resolution hydrologic and hydrody-
namic models have been used to understand large-scale hydrodynamics
processes and the role of floodplains in the Amazon basin (Beighley
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Fig. 1. a) Location of computational domain (~40000 km?), boundary conditions and ANA stations. Manning coefficient mapping (within boundary) and topo-
graphic model MERIT DEM (outside boundary). b) Location of the central region of the Amazon basin. c) Detail of the floodplain topography, position of compu-

tational cells and breaklines used in the model.

et al., 2009; Coe et al., 2008; Correa et al., 2017; Getirana et al., 2012;
Luo et al., 2017; de Paiva et al. 2013; Sorribas et al., 2020; Yamazaki
et al., 2011). These studies have shown that water exchange between
river and floodplain has the same order of magnitude as river discharge
(c.a. 10* to 10° mss’l; Sorribas et al., 2020) and can represent between
3% and 40% of the river discharge depending on seasonal period
(Getirana et al., 2012; Richey et al., 1989; Sorribas et al., 2020; Wilson
et al., 2007). Water stored in floodplains can have a residence time of
more than 300 days (Sorribas et al., 2020) and thus plays an important
role in delaying and attenuating the flood pulse wave (Getirana et al.,
2012; de Paiva et al. 2013; Yamazaki et al., 2011). Still, while these
models adequately represent river hydraulics (e.g., full Saint-Venant
equation, particle-tracking model), they are simplified to represent
floodplain hydrodynamics such as bidirectional flows and it is not
possible to characterize the hydrodynamic processes in detail, which can
be better represented with two-dimensional numerical models.

Regional applications of two-dimensional hydraulic models have
allowed better representation of floodplain hydrodynamics. Wilson et al.
(2007) evaluated the water exchange between the Amazon River and the
adjacent floodplain over a 240 km-long reach, but floodplain drainage
processes in this model were poorly represented due to errors in the
topographic data. Yamazaki et al. (2012a) and Baugh et al. (2013) have
improved the accuracy of this simulation by correcting topographic er-
rors, but these studies used the SRTM3 digital elevation model (DEM) in
open water areas, where the lakes are represented by a flat surface.
Global elevation models do not capture the complex topography of the
central Amazon floodplain, composed of many interconnected lakes and
channels (Trigg et al., 2012) and vegetation types (Hess et al., 2015). In
addition, Baugh et al. (2013), de Paiva et al. (2013), Yamazaki et al.
(2012a) and Getirana et al. (2012) have shown that topography is the
main source of current uncertainty in modeling Amazon river-floodplain
system water flows.

Only a handful of lakes in the Amazon floodplain have in situ ba-
thymetry data available: Lago Calado (73 km?; Lesack & Melack, 1995),
Lago Grande de Curuai (2440 kmz; Barbosa et al., 2006) and Lago
Janauaca (786 kmz; Pinel et al., 2015). The availability of high

resolution topography has allowed implementation of local, two-
dimensional models that have provided important contributions to un-
derstanding the hydrology of river-floodplain systems (Bonnet et al.,
2017, 2008; Ji et al., 2019; Lesack and Melack, 1995; Pinel et al., 2019;
Rudorff et al., 2014a, 2014b). Floodplain water residence times esti-
mated by these local models range from 19 to 74 days (Bonnet et al.,
2017; Rudorff et al., 2014a). In Lake Calado, local runoff represented the
dominant source of water input with 57% (Lesack and Melack, 1995),
and maximum river water volume in the lake is observed before the river
flood due to local contributions (Ji et al., 2019). Conversely, the main
water input for Lago Grande de Curuai and Lago Janauaca was river,
representing, respectively 77% (Bonnet et al., 2008) and 93% (Bonnet
et al., 2017) of all sources. Rudorff et al. (2014b) showed that overbank
flow in the Curuai floodplain accounts for 93% of the total flow in the
river-floodplain direction and 54% of the flow in the opposite direction
(floodplain-river), with the remaining flow being channelized. These
lakes illustrate the remarkable heterogeneity of river-floodplain hydro-
dynamics in Amazon floodplain systems. Since water fluxes in these
systems are also not described in most studies - the first (and only, to our
knowledge) validation of water velocity in an Amazonian floodplain has
been performed by Pinel et al. (2019) for Lake Janauaca - there are still
significant knowledge gaps about the hydrology and hydrodynamics of
the complex and globally important Amazon river-floodplain system.

Aiming at filling this gap, Fassoni-Andrade et al. (2020a) have
reconstructed the topography of a large reach of the Amazon River
floodplain (~40000 km?) at 30 m spatial resolution using remote
sensing data. This dataset thus presents a unique opportunity to inves-
tigate bidirectional flows and river-floodplain water exchanges over a
large floodplain with better topographic representation than provided
by global DEMs, using a two-dimensional hydraulic model.

To date, we are not aware of any study that has tested and applied
comprehensive and detailed 2D hydrodynamic modeling over large
floodplains in the Amazon. Such an assessment could address questions
not yet fully explored, such as (1) What is the spatial distribution of
hydrodynamic processes across the Amazon River and floodplain land-
scape? (2) What is the space-time variation of flows, velocity, storage
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volume, depth, flood extent, and residence time in the floodplain? (3)
How do bidirectional water flows vary in the floodplain? (4) How much
water flows through the floodplain? (5) What is the impact of large and
small floods on the hydrodynamic variables? (6) How can state-of-the-
art hydrodynamic models contribute to describe these hydrodynamic
processes?

Thus, the goal of this study is to provide a comprehensive and
detailed characterization of the Amazon River and floodplain hydro-
dynamics by means of the first detailed 2D hydrodynamic model of this
region using unprecedented topography data (Fassoni-Andrade et al.,
2020a). The study is divided into methodology (Section 2), validation
(Section 3), results (Section 4), and conclusions (Section 5). In sections 3
and 4 we synthesize the main results in key messages about the modeling
and the hydrodynamics processes, what we call learned lessons.

2. Data sets and methods
2.1. Hydraulic model and simulation domain

The HEC-RAS model allows the representation of two-dimensional
flows from the numerical solution of the shallow water equations. It
represents the inertia terms, pressure gradient and gravitational effects,
friction, turbulence, and Coriolis effects. Details of the formulations and
numerical schemes used in the model (6.1.0 version) can be found in
Brunner (2016).

The model was applied to a 1100 km reach of the Amazon River
between the confluence of the Negro and Xingu rivers, where an
extensive floodplain is present (Fig. 1). The computational domain,
which covers ~ 40000 kmz, was delimited from a 1 km buffer of the
Amazon wetlands mask (Hess et al., 2015; Fig. 1). The simulation
covered 3 hydrological years (November 2007 to October 2010)
comprising normal (mid-2008), large (mid-2009) and small (mid-2010)
flood magnitudes (Filizola et al., 2014), i.e. the condition of the flood in
relation to the discharge. A period of 5 months before November 2007
was considered as model initialization, allowing the filling of the
floodplain before the evaluated period.

The time series of Amazon discharge from the Manacapuru station,
located ~ 67 km upstream of the domain upstream limit (Fig. 1) was
used as the upstream inlet boundary condition for the Amazon River.
Detailed information for this and other stations operated by the Agéncia
Nacional de Aguas e Saneamento Basico (ANA, Brazilian water agency;
snirh.gov.br/hidroweb/serieshistoricas) are shown in Table Al (Ap-
pendix). The water level time series from the Porto de Moz station
(operated by ANA) was used as boundary condition downstream, rep-
resenting the water level of the Xingu River at its confluence with the
Amazon River, ~77 km downstream from the model domain (Fig. 1).
Due to the backwater effect on the Amazon River tributaries (Meade
et al., 1991), the station can be considered representative of the Amazon
River level. The vertical levelling of this station (EGM 2008) was done
considering a virtual station from Sentinel-3A satellite close to the
boundary condition (station amz_amz s3a_0433.01; hydroweb.
theia-land.fr/) with an estimated bias of 1.108 m (49 records between
2016 and 2020). Tidal effect from water level was filtered using a
moving window of 28 days (Pugh and Woodworth, 2014).

The discharges of the main tributaries in the model domain were
considered as boundary conditions from simulated data performed by
Siqueira et al. (2018) using the MGB hydrological model (Collischonn
et al.,, 2007). For this, 12 tributaries (Fig. 1) were selected as they
represent up to 99% of the average modeled flow contributing to the
computational domain, calculated from the MGB model of Siqueira et al.
(2018).

2.2. Topography and computational mesh

A composite topography map was produced by merging several da-
tabases. In the Amazon River and open water areas of the floodplain, the
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topography estimated by Fassoni-Andrade et al. (2020a) at 30 m spatial
resolution was used (Fig. 1a; available at data.mendeley.com/datase
ts/vn599y9szb/1). This mapping was created by digitizing nautical
charts for the rivers, and using the Flood2Topo method (Fassoni-An-
drade et al., 2020b) via optical satellite data. The DEM represents the
topographic variation of lakes and narrow channels (greater than 30 m)
in the open water regions of the floodplain such that the drainage of
these areas can be represented in the model. Validation using locally
derived bathymetry showed a root mean square error (RMSE) of 90 cm
for the floodplain bottom level. However, the bathymetry of deeper,
always-flooded regions in the floodplain was underestimated as it rep-
resents the lowest observed water level in 30 years. The average bias of
the river bathymetry was documented as 5 m (Fassoni-Andrade et al.,
2020a) and discounted in the elevation values.

In flooded vegetation and upland areas, topography was obtained
from the MERIT DEM v1.0.1 (Multi-Error-Removed Improved-Terrain
DEM; available at hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT DEM/).
We chose this model due to its global coverage and removal of absolute
bias, noise, and vegetation height from SRTM3 DEM and AW3D-30 m v1
data (Yamazaki et al., 2017). The vertical reference of the model (EGM
1996) was adjusted to the EGM 2008 model using the MSP program
GEOTRANS 3.7 (available at: earth-info.nga.
mil/GandG/geotrans/index.html#zzal).

The HEC-RAS model uses an unstructured computational mesh in
which the orientation and size of the cells can vary according to
topography, so that breaklines can be included to define the orientation
of the computational cell faces. We added breaklines (e.g., Fig. 1d)
considering a manual digitization of the topographic contours of the
river banks. In floodplain areas we used the isolines formed by the 90%
and 60% flood frequency thresholds of the flood frequency map elabo-
rated by Fassoni-Andrade et al. (2020a). These thresholds (90% and
60%) roughly delineate the location of greater topographic variations,
such as riverbanks. The computational mesh was generated with a
nominal cell size of 400 m (detailed representation through breaklines in
smaller features) and resulted in ~ 260000 cells. Despite the nominal
size of 400 m, smaller features were represented through the breaklines
considering the 30 m topography.

2.3. Manning’s roughness coefficient

Manning’s roughness coefficient value in the Amazon River was
calibrated for the period from September 1, 2006, to August 31, 2007 (1
year). From trial and error values ranging from 0.02 to 0.03, a Manning
coefficient of 0.022 resulted yielded the lowest RMSE between simu-
lated and observed water levels at the ANA gauging stations at Jatuarana
(0.19 m), Parintins (0.13 m), and Santarém (0.21 m) (Fig. 1). For
reference, Lefavour and Alsdorf (2005) assumed a Manning coefficient
of 0.025 with an error of 12% for discharge estimation in the Solimoes
River. Wilson et al., (2007) calibrated a regional hydraulic model of the
lower Solimoes River using values in the range between 0.022 and 0.028
based on the estimation of Lefavour and Alsdorf (2005). The value we
found is low compared to values from Rudorff et al. (2014a; 0.031) and
Trigg et al. (2009; 0.032) for the Amazon River, but it is within the
uncertainty bound considered by Lefavour and Alsdorf (2005) of 0.025
+ 0.003.

Manning coefficient map in the floodplain (Fig. 1) was prepared
based on the Amazon wetland land cover mapping of Hess et al. (2015)
and values were assigned for each class based on recommendations by
Arcement and Schneider (1989) and Chow (1959), according to
Table A2 (Appendix). The model uncertainty caused by this parameter
was assessed by means of two additional model runs where Manning
coefficient values were perturbed by + 30%, according to Chow’s table
for the same vegetation cover (Chow, 1959).
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Fit metric for HESS and ALOS products considering the low and high water periods.

Low water (November)

High water (May)

Flooded area F 2007 F F2009 Flooded area F 2008 F2009 F2010
HESS 17942 km? 52% 52% 52% 31278 km? 81% 82% 81%
ALOS 2014-2015 8939 km? 51% 50% 48% 21760 km? 58% 59% 58%
ALOS 8130 km? 46% 45% 44% 20130 km? 56% 56% 56%
2015-2016
ALOS 8641 km? 49% 48% 47% 20679 km? 56% 56% 56%
2016-2017

a) Low water (Nov 2009)

B Agreement
B Underestimate
B Overestimate

b) High water (May 2009)

B Agreement
B Underestimate
B Overestimate

& “Rosenqvist etal., 2020

. or -,

(Min 2014-2015)

Hess et al., 2015
(Oct 1995)

Rbsenqvist etal., 2020
(Max 2014-2015)

Hess ét al., 2015
(May 1996)

Fig. 2. Flood extent mapped by the model and remote sensing products (blue), flood extent not mapped by the model (underestimate), and flood extent mapped only
by the model (overestimate) considering ALOS and HESS products and simulated in November, the 1st (a) and May, the 1st (b) of 2009. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

2.4. Metrics of model performance

The hydrodynamic model was validated against in situ and satellite
observations to assess its capability to represent flooded area, water
surface elevation and water flow in both river and floodplain. Several
remote sensing-derived Amazon flood extent databases have been
developed in recent years to characterize flooding in Amazon (Fassoni-
Andrade et al., 2021). As this is far from a trivial mapping task, these
different approaches have led to remarkable disagreements, as shown by
the comparison documented in Fleischmann et al. (2022). We used here

two basin-scale databases that considered periods of maximum and
minimum inundation (Hess et al., 2015; Rosenqvist et al., 2020). The
map by Hess et al. (2015) (hereafter called HESS) is the most widely
used dataset for validating hydrologic-hydrodynamic models in the
Amazon basin, and it depicts wetland inundation and vegetation classes
for the central Amazon basin based on JERS-1 synthetic aperture radar
(SAR) images acquired during Oct.-Nov. 1995 and May-July 1996 with a

resolution of 100 m (available at https://daac.ornl.
gov/LBA/guides/LC07_Amazon_Wetlands.html). Rosenqvist’s mapping
(hereafter called ALOS) (Rosenqvist et al., 2020) conversely considers

spatial
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cod: 0263_01
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Curuai
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Fig. 3. Validation of absolute water surface elevation derived from the model against in-situ observations of gauging stations (squares) and satellite altimetry data
(circles). Spatial distribution of model performance statistics: Bias (a) and RMSE (b). Time series of the model (red line) and observed (black dots) water elevation.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the maximum and minimum flooding extent from of the three most
recent hydrological years covered by ALOS-2 PALSAR SAR data:
2014-2015, 2015-2016 and 2015-2017, with 50 m spatial resolution
(available at https://www.mdpi.com/2072-4292,/12/8/1326). These
maps do not correspond to our simulation period (2007-2010), so three
simulated periods of low water (November 1, 2007, 2008, and 2009)
and high water (May 1, 2008, 2009, and 2010) were compared with the
mapped areas. For this purpose, the fit metric (F, Eq. (1)) was used to
determine the accuracy of the model (Schumann et al., 2009).

a
F= (m) 100 eH)

where a represents the total inundated area correctly mapped by the
model (mz), b is the inundated area not mapped by the model (under-
estimate; m?), and c is the area not inundated and mapped by the model
(overestimate; m?).

Modeled flood extent maps were exported from the HEC-RAS model
based on the DEM spatial resolution (30 m) as the model compares the
computed water surface to the ground surface. Due to the different
spatial resolutions of the flood extent products (HESS of 100 m, ALOS of
50 m, and modeled of 30 m), the fit metric was calculated after con-
verting all raster maps to a vector format (ESRI shapefile), i.e., no raster
resampling was performed.

The water surface elevation records observed at Obidos and Curuai
stations were considered for model validation (ANA operated stations;
Location in Fig. 1). In addition, we used satellite altimetry data available
for the main river considering 21 virtual stations spread along the river
from the JASON2/JASON3 and ENVISAT satellites. These virtual sta-
tions are located at intersections of the altimeter track with the river and
are available at https://hydroweb.theia-land.fr/ (Silva et al., 2010).

Information for these stations can be found in Table A1l (Appendix). The
model metrics evaluated were: i) RMSE, ii) Bias, iii) Pearson correction
coefficient (r), and vi) Nash-Sutcliffe efficiency coefficient (NSE; Nash &
Sutcliffe, 1970).

Finally, the Amazon River water flow was evaluated at Obidos and
Curuai floodplain. The Obidos station continuously provides water level
data and occasional flow measurements, in addition to the rating curve.
Since no flow was measured between 2006 and 2010 at Obidos, we used
the rating curve for model validation, which may have large un-
certainties (Filizola et al., 2014). In addition, we were able to obtain
flow measurements in the Curuai floodplain during the 2006 flood
season using a SonTek 1.5 MHz Mini Acoustic Doppler Current Profiler
(ADCP) with errors smaller than 3%. Moving boat measurements were
carried out with the Mini ADCP assembled on a home-built Catamaran
platform integrated with a GPS. The ADCP platform was placed on the
left side of the boat, near the bow, to avoid interference from the boat
engine on measurements. The boat speed ranged from approximately
0.05 to 0.2 m s~ *. The same metrics for the water level were considered
to evaluate the water flow.

3. Validation
3.1. Flood extent

The flood extent estimated by the ALOS product was 30 to 50%
smaller than the area from the HESS product (Table 1). The ALOS
product also hardly showed any interannual variability in flood extent
between 2014 and 2017. Model performance was higher during the high
water period (up to 82% for the HESS product) compared to the low
water period (~50%). Although the metrics related to both products
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were similar at low water, there was more overestimation in simulated
areas when compared to the ALOS product than when compared to the
HESS product (see green areas in Fig. 2a). This was similar for the high-
water period (see green areas in Fig. 2b), when the metrics for the HESS
product (81-82%) was better compared to the ALOS product (56-58%).
There was no significant variability in metrics among the years evalu-
ated, indicating that discordance between simulated years (2007-2010)
and observation years (1995-1996 and 2014-2017) was not as signifi-
cant for validation as the product considered (HESS and ALOS).
Applications of hydrodynamic models to Amazon floodplains at
different scales found fit metrics values ranging from 23% to 51% (low
water) and 70% to 81% (high water) compared to the HESS map. de
Paiva et al. (2013) represented the extent of large-scale flooding in the
Amazon basin from the MGB model with values of 34% at low water and
70% at high water. Wilson et al. (2007) and Rudorff et al. (2014b) found
values of 23 and 51% at low water and 72 and 81% at high water,
respectively, in regional applications of the LISFLOOD-FP 2D model
along the Amazon River reaches. Our model thus represented flood
extent relatively well, with average F values of 52% in the low water
period and 81-82% in the high-water period against the HESS map
product. In addition, accuracy is of local relevance (F greater than 0.65)
according to the criteria established by Fleischmann et al. (2019).
Errors in topographic mapping, the downstream boundary condition,
and the lack of representation of hydrological processes in the

floodplain, such as local infiltration, precipitation, evaporation and
groundwater flow, can be sources of uncertainty in the flood extent
mapping by the hydrodynamic model, especially in the low water
period. In addition, it is noteworthy that the various remote sensing-
derived water extent databases also have large inconsistencies among
them. For example, Fleischmann et al. (2022) showed that HESS and
ALOS mapping tend to underestimate the maximum inundation
compared to subregional remote sensing-derived products, and there are
large differences in minimum inundation among the different products.

Modelling lessons: 2D high resolution model improves the representation
of flood extent compared to past modelling studies in the Amazon. Accuracy
is usually better at high water than low water, while errors may be related to
topography, local hydrological processes, and uncertainty of remote sensing
maps.

3.2. Water surface elevation

Absolute water surface elevation in the river was well represented in
the 23 stations evaluated (Table A3 in Appendix), with an average bias
of —0.45 m, an RMSE of 0.77 m, an NSE of 0.87, and an r of 0.98 (Fig. 3).
Only the stations monitored by ANA agency showed a positive bias
(ébidos and Curuai), while the altimetry stations consistently showed a
negative bias. The highest RMSE (1.54 m) was observed at a station
located in a channel with underestimation in the low water period
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(Station 0392_01, Fig. 3b).

The errors were small in relation to the annual flood amplitude (4 to
10 m; Station 0063_01 and 0263_01 in Fig. 3a) and similar to the errors
found by Wilson et al. (2007), which obtained an RMSE of 0.99 m at
flood and 3.17 m at low water in the Amazon River. On the other hand,
Rudorff et al. (2014b) found errors of 0.27 m at the Curuai station,
considering the local hydrodynamic simulation of this floodplain using
observed bathymetry. Our results also had a better agreement with
observations compared to large-scale modeling in the Amazon basin. For
instance de Paiva et al. (2013) obtained a NSE of 0.2-0.4 at Obidos and
Yamazaki et al. (2012b) obtained a NSE of 0.7 at Obidos.

Modelling lessons: 2D high resolution model improves the representation
of water surface elevation of the Amazon flood wave compared to past
modelling studies. Error is small compared to the flood amplitude.

3.3. River and floodplain flow

The Amazon River discharge at Obidos station was adequately rep-
resented by the model with a positive bias of 1380 m®s~! (0.78% of the
mean observed discharge), an RMSE of 12,713 m3s~! (7.23% of the
mean observed discharge), relatively high NSE = 0.94. No substantial
alterations were observed in the modeling with &+ 30% perturbations in
Manning coefficient values in the floodplains. Values during the rising
period (February to June) were underestimated, while during the rest of
the year discharge values were slightly overestimated (Fig. 4a). It is
likely that this underestimation is related to the uncertainties of the
rating curve at Obidos since it is calculated considering a single stage-
discharge relationship, and/or errors in the boundary throughflows
imposed in the model.

The observed flow was also evaluated across four transects located at
the downstream outlet of the floodplain on June 26, 2006 (blue spots
profiles in Fig. 4b and c). Despite the uncertainty of the bathymetry used
in the simulation, the model adequately represented the flows on the
floodplain, with differences from the observed flow ranging from —21%

to 22% ((Qmod — Qobs)/Qobs)- The flows in the three main channels
(profiles 1, 2, and 3) were overestimated, while the flow in the longest
profile was underestimated (profile 4). What is noteworthy about these
measurements is the order of magnitude of the flows (ranging from 3000
to 19,000 m®s~1). The outflow on the floodplain in profile 4 represents
8.3% of the discharge observed at Obidos on the same day (234000
m>s™1) and is greater than the average discharge of the Tapajés River
(14500 m31).

Modelling lessons: 2D high resolution model provides accurate represen-
tation of Amazon River discharge. Appropriate representation of expressive
floodplain flow with errors smaller than 20%.

4. Flood dynamics on the floodplain
4.1. volume, depth, and flood extent

In the low water period (November), the volume stored in the
floodplains ranged from 55.3 km?® (2010) to 59.68 km® (2009), while in
the high water period (June), the volume stored ranged from 204 km?
(2010) to 238 km® (2009) (Fig. 5a). Therefore, the floodplain has an
average volume variation of 162 km?, i.e., annually, this volume is
stored and then drained from the floodplain between low water and
flood periods. The volume stored annually in the central Amazon
floodplain (162 km3) represents about 2.8% of the Amazon River vol-
ume exported to the ocean annually. That annual variation is larger than
the estimated over the open-water floodplains of the central Amazon
(116 km3; Fassoni-Andrade et al., 2020a) and smaller than the estimate
over the Amazon floodplains in six square regions of 330 km x 330 km
(285 krn3; Alsdorf et al., 2010). It represents 13.5% (Papa et al., 2013) to
18% (Frappart et al., 2019) of the total surface water storage at the
Amazon basin scale estimated by remote sensing data. Furthermore, the
estimated volume stored in the floodplain showed a difference of 34 km3
at the flood peak between years characterized by large (2009) and small
(2010) flood. This volume is significant and represents 20% of the
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annual volume variation and 60% of the average volume stored in the
floodplain during the low water period.

Lesson 1: Annual volume variation of 160 km® in the central Amazon
floodplain. Variation represents about 3% of the Amazon River volume
exported to the ocean annually. Large and small floods cause interannual
variability of 20% in volume variation.

Water depth in the floodplain showed a similar pattern to that of the
stored volume (Fig. 5b), with an average depth of 4.62 m, i.e., the
average depth ranges from 2.5 m to 7.12 m between the low water and
high water periods. The average depth variation in the flood period was
40 cm lower in the dry year (2010) and 60 cm higher in the wet year
(2009) compared to a normal year (2008). These values can be signifi-
cant when considering the amplitude of the water level, which varies

from 10 m upstream to 4 m downstream reach (Fassoni-Andrade et al.,
2020a). Furthermore, the variation of 1 m between extreme floods
(2009 and 2010) represents 22% of the annual variation of the average
depth.

Lesson 2: Average water depth in the central Amazon floodplain ranges
from 2.5 to 7.1 m annually. Large and small floods cause variations of up to
1 m at high water or 22% of the annual variation.

The flood extent showed an average value of 31500 km? and 23940
km? during the high water and the low water periods, respectively
(Fig. 5¢), i.e., an annual variation of 7560 km?. These values represent,
respectively, 5% and 8% of the mapped wetlands in the Amazon basin
during the high and low water periods (Hess et al., 2015). However, in
contrast to the strong interannual variation in stored volume, the flood
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extent presented a plateau during the high water period with differences
of ~ 200 km? between 2009 and 2010, which represents only 2.6% of
the average variation between high and low water periods. This means
that flood intensity does not have such a large impact on flood extent
(2.6%) compared to its impact on volume (20%) and on water depth
(22%). The flood extent finds a plateau during the flood possibly due to
topographic constrains limited by the geomorphology of the Amazon
River and the Uplands at the floodplain boundaries.

Lesson 3: Annual flood extent variation of 7560 km? in the central
Amazon floodplain. Large and small floods cause interannual variability of
only 3% in flood extent variation. Flood extent presents a plateau in extreme
floods, possibly due to topographic constrains.

The relationship between volume and flood extent on the floodplain
indicates a counter-clockwise hysteresis, as also documented by Rudorff

et al. (2014b) for Curuai floodplain, i.e., for the same stored volume, the
flood extent is larger in the falling than in the rising period (Fig. 5d). For
example, the flood extent was 29500 km? in the falling period and
28000 km? in the rising period for a stored volume of 100 km®. This may
be related to the floodplain hydrodynamic complexity, as the asymmetry
of the Amazon River hydrograph, where the rising period is slower than
the falling period (Fleischmann et al., 2016), the reversal of river-
floodplain surface water slope (Zhang and Werner, 2015), or the time
taken for water to fill deeper parts of the floodplain before flooding
upper regions.

Lesson 4: Significant flood extent and volume hysteresis that may be
related to the floodplain hydrodynamic complexity.
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4.2. River-floodplain flow exchange

The water exchange between the Amazon River and the floodplain
was evaluated in eight units by estimating the flow across transects
parallel to riverbanks. In each unit, two transects of equal length (L)
were defined: one upstream and one downstream. These transects
consider that most of the water inflow (outflow) in the floodplain occurs
in the upstream (downstream) half. However, dominant inflow/outflow
boundaries have not been defined. In the Curuai floodplain (Unit 6), for
example, water outflow is predominantly in a smaller downstream
transect (Rudorff et al., 2014a).

Fig. 6 shows the flows across both transects (blue and yellow), and
the resulting net flow (red line). Positive values indicate that the
floodplain is receiving water from the river (inflow), and negative values
indicate that water is flowing out of the floodplain (outflow). Since our
model does not consider infiltration, precipitation, evaporation and

10

groundwater flow, the net flow is the result of the discharge received
from the tributaries. These processes have a minor impact on the inputs
of water to the floodplain, as shown for Lago Grade de Curuai floodplain
(location in Fig. 4a), where rainfall and runoff accounted for about 9%
and 10% of the annual total inputs, while seepage from the groundwater
system accounted for 4% (Bonnet et al., 2008).

In all units, the inflow and outflow of water from the floodplain
predominates, respectively, in the upstream and downstream transect, i.
e., inflow or outflow can occur in both transects, but the balance is
positive (negative) for the upstream (downstream) transect. In general,
the inflow in the floodplain begins with the river flood and predominates
until the flood peak (May/June/July). During the falling period, outflow
becomes predominant with a maximum in August/September, when
there is little or no inflow to the floodplain. Floodplain flow drainage
(outflow) continues to occur in the units with small values until the
onset of the flood. In regions 2 and 4, the outflow is greater in the low
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water period due a significant flow contribution from the tributaries.

The water exchange between the river and the floodplain during the
flood is very intense with inflows and outflows ranging from 5500 to
35000 m® s~ ! (units 3 in 2010 and 8 in 2009, respectively). However,
these values represent the inflow and outflow occurring practically at
the same time in the units (gross flows in blue and yellow lines in Fig. 6),
greatly surpassing the net inflow and outflow (red line in Fig. 6) and
indicating weak water storage in the floodplain.

Lesson 5: Gross flow greatly surpasses the net inflow and outflow in the
floodplain units during the flood, indicating that the floodplain flux is
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generally more expressive than storage infilling and outfilling.

In units 1, 3, 5, and 6, flooding begins between February and April,
depending on the year: March in 2008, February in 2009, and April in
2010. That is, a small flood and a large flood cause, respectively, a delay
and an advance of the water inflow into the floodplain by approximately
one month in these units. These findings are similar to results for Lake
Janauaca in central Amazon (Pinel et al., 2019). Inflow onset in units 2,
4, 7, and 8 occurs in December/January regardless of the year, there-
fore, these areas seem to have more connection with the river from
channelized flows. Although the positive balance is initiated in different
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Table A1

Name, code, and location of in situ stations operated by Agéncia Nacional de
Aguas e Saneamento Bésico (ANA) and virtual stations (available in Hydroweb;
https://www.theia-land.fr/).

Name Code Source Latitude Longitude
Manacapuru 14100000 ANA —3.308 —60.609
Porto de Moz 18950003 ANA -1.753 —52.241
Moura 14840000 ANA —1.456 —61.634
Jatuarana 15030000 ANA —3.052 —59.678
Parintins 16350002 ANA —2.630 —56.752
Santarém 17900000 ANA —2.416 —54.716
Curuai 17060000 ANA —2.268 —55.481
Obidos 17050001 ANA —1.947 —55.511
amz_amz_env_ 0020_01 Hydroweb -3.161 —59.465
amz_amz_env_ 0063_01 Hydroweb —3.338 —58.774
amz_amz_env_ 022001 Hydroweb —2.391 —54.266
amz_amz_env_ 0263 01 Hydroweb —2.083 —54.020
amz_amz_env_ 0306_01 Hydroweb —1.907 —55.596
amz_amz_env_ 0349 01 Hydroweb —1.946 —55.487
amz_amz_env_ 0392 01 Hydroweb —2.533 —-57.171
amz_amz_env_ 0435_01 Hydroweb -2.611 —56.778
amz_amz_env_ 0478.02 Hydroweb -3.331 —58.784
amz_amz_env_ 052101 Hydroweb —2.953 —58.14
amz_amz_env_ 0607_01 Hydroweb -3.125 —59.539
amz_amz_env_ 0764_01 Hydroweb —2.146 —54.930
amz_amz_env_ 0807_01 Hydroweb —2.405 —54.668
amz_amz_env_ 0850_01 Hydroweb —2.368 —56.416
amz_amz_env_ 089301 Hydroweb —2.123 —56.167
amz_amz_env_ 0936_01 Hydroweb —2.798 —57.948
amz_amz_env_ 097901 Hydroweb —2.407 —57.542
R_amz_amz jas_ 0139.01 Hydroweb —2.571 —56.897
R_amz_amz jas_ 0152 01 Hydroweb —3.254 —59.068
R_.amz_amz _jas_ 0228 01 Hydroweb —2.488 —56.508
R_amz_amz jas_ 006301 Hydroweb —3.281 —59.985

months in the units, the maximum inflow and outflow occurs at the time
of river peak flood (June/July), since diffuse overbank throughflow in
the floodplain predominates.

Lesson 6: Extreme floods can offset by one month the timing of the
floodplain inflow onset (delay and advance). No interannual variability in
the timing of the maximum flood.

The total water inflow considering all units (area of 40000 km?) is
maximum during the 2009 flood with values of 189600 m® s~!, repre-
senting more than the peak flood of the Solimoes River in the same year
for instance (~160000 m3 s’l). On the other hand, the outflow from the
floodplain is 206000 m® s~! in the 2009 flood. These values are much
lower at the peak of the 2010 weak flood: the maximum inflow and
outflow are respectively to 60% and 62% of the values in 2009.
Therefore, an large (small) flood promotes a 33% (22%) increase
(decrease) in floodplain net flow during the flood compared to a more
normal year (e.g., 2008, when 142700 m3 s~! are seen).

Lesson 7: Variations in flood duration in extreme floods can induce a 33%
(22%) increase (decrease) in floodplain net flow.

Journal of Hydrology 625 (2023) 130122
4.3. Riverine fluxes over floodplain units

Fig. 7 shows the transverse flows across the sections in the floodplain
units (purple; left y-axis) and this flow (Qg) expressed as a percentage of
the Amazon River discharge (Qg) (black; right y-axis) for 2008, 2009,
and 2010.

Flows along the transverse profiles are towards downstream during
the flood (positive values in the graphs) and broadly parallel to the river,
as can be seen in Fig. 8 for the 2009 flood. During 2008 (normal year),
floodplain flows vary from 7700 to 33000 m> s~! (units 3 and 4) rep-
resenting from 3.5% to 15% of the Amazon River discharge (average of
8.7%). During large and small floods, flows vary from 5% to 19% (2009)
and from 2.5% to 13% (2010) of the Amazon River discharge, respec-
tively. These values are very significant, as they are similar in magnitude
to the average discharge of the largest tributaries of the Amazon River
(e.g., 28000 m® s7! for the Negro River and 31000 m® s™! for the
Madeira River). As these flows are not stored in the floodplain (inflow
and outflow occur roughly at the same time; Fig. 6), the eight units
behave as very active zones with riverine fluxes during the flood.
Furthermore, the Amazon River can be considered not only as the most
voluminous river in the world (Callede et al., 2010) but also as the
widest during the flood (ranging from 21 km to 54 km wide), since the
floodplain units can be considered as an active extension of the river.

Lesson 8: Amazon floodplain units convey large amounts of riverine
fluxes with flows up to 20% of the Amazon River discharge, the most volu-
minous river in the world.

During the low water period, the flow in the cross transects is

Table A3
Water surface elevation metrics evaluated at Amazon River stations.

Station Number of data Bias RMSE NSE r

002001 28 —0.86 1.38 0.82 0.94
0063_01 29 —0.43 0.58 0.97 1.00
022001 29 —0.42 0.48 0.93 0.99
026301 30 —0.40 0.48 0.92 0.99
0306_01 31 —0.60 1.01 0.83 0.95
034901 29 —0.47 0.62 0.93 0.99
0392 01 31 —1.28 1.54 0.61 0.95
043501 30 —0.47 0.62 0.95 0.99
0478_02 31 —0.36 0.51 0.98 1.00
0521 01 30 —0.48 0.61 0.96 0.99
0607_01 29 -0.13 0.45 0.99 0.99
076401 29 —0.59 0.70 0.85 0.98
0807_01 29 —0.82 1.02 0.64 0.96
085001 31 -0.59 0.67 0.94 1.00
089301 31 —0.83 0.99 0.84 0.98
0936_01 29 -0.75 0.80 0.93 1.00
0979 01 31 —0.47 0.68 0.95 0.99
013901 81 —0.68 1.38 0.45 0.95
015201 75 0.00 0.61 0.96 0.98
0228 01 82 —0.50 0.94 0.81 0.97
0063_01 74 -0.15 0.64 0.98 0.99
Curuai 1005 0.65 0.67 0.92 1.00
Obidos 1066 0.30 0.37 0.98 1.00

Table A2
Manning’s roughness coefficients adopted in each class of the mapping of Hess et al. (2015) and proportion of the area occupied in the computational domain.
Class Description Mapping code (Hess et al., Manning’s roughness Spatial proportion in the
2015) coefficients domain*
(Hess et al., 2003)
Open water Lago, parand, igarapé, furo 1113 0.022 (Same as the river) 17%
Bare soil or Terreno aberto, campo, macrofitas 2123 33 0.03 18%
herbaceous aquaticas
Shrub Vegetacao arbustiva, campina 41 44 4551 55 0.04 11%
Woodland Chavascal, pantano, savanas inundadas 66 67 77 0.14 27.3%
Forest Floresta, mata 88 89 99 0.14 4.4%
Terra firme Outside of the floodplain - 0.18 9.1%

*13.2% of the area represents the Amazon River.
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significantly weaker and may occur in the opposite direction, towards
upstream (negative values in Fig. 7). These reverse flows in February
20009, for example, ranged from 76 m3s ! to 389 m®s~! (units 3 and 6).
This is also observed in the downstream transects with positive values in
Fig. 6 (yellow transects), i.e., there is an inflow in the floodplain in the
downstream region during the low-water period, predominantly in
February.

Velocity fields in the floodplain are spatially heterogeneous with
regions of more active flows in channels and storage areas that can be
disconnected from the Amazon River (Fig. 8). These velocity fields
confirm that water inflows and outflows on the floodplain occur pre-
dominantly in the upstream and downstream regions of the floodplain,
respectively, and the floodplain is fragmented into units bounded by the
river geomorphology with constant inflows and outflows from the
floodplain.

Lesson 9: Spatial and temporal heterogeneity in floodplain velocity fields
with active flow and storage areas. Velocity fields confirm that the central
Amazon floodplain is fragmented into units with significant water inflow/
outflow to/from the main river.

The estimation of the amount of water exchanged between the
Amazon River and the floodplain differs from previous studies. From the
water balance of six regions along the Amazon River using remote
sensing observations, Alsdorf et al. (2010) showed that the filling or
drainage of the floodplain accounts for no more than 10% of the river
discharge during any time in the regions evaluated. On the other hand,
Richey et al. (1989) estimated that up to 30% of the Amazon River
discharge is exchanged with the floodplain using water balance and a
simplified routing propagation method (Muskingum-Cunge). Getirana
etal. (2012) showed much lower values using a global-scale flow routing
scheme, with a mean of 2.3% and a maximum of 4% in central Amazon.
Our findings showed that from 3.5% to 15% of the Amazon River flow
passes through the floodplain during a moderate flood but can reach
20% during an large flood. Furthermore, floodplain flows are not greatly
altered with + 30% perturbations in floodplain Manning coefficient
(transparent colors in Fig. 7). Although our results are, respectively,
larger and lower than Getirana’s and Richey’s estimates, the two-
dimensional hydrodynamic modeling approach performed in this
study is the only one that allowed direct estimates of gross floodplain
flows.

4.4. Residence time

Water residence time in the floodplain units, i.e., the ratio of water
volume to net flow, can be clearly divided into two periods in the eight
units: one of high water exchange of the floodplain with the river during
the flood (gray regions in Fig. 9) and one of low water exchange during
the low water. Water renewal in the flood season (April/May/June) is
high with residence time values ranging from 1.5 to 13 days (units 8 and
1, respectively) with an average of 6.4 days for all units. After the flood,
residence time increases rapidly in the falling period (August/
September/October) to values greater than 100 days at low water
(November to January), which represents a condition at a given instant,
i.e., a theoretical steady-state condition that does not actually occur. In
the units 2 and 4, residence time at low water remains shorter, as it
varies between 50 and 75 days due to the greater contribution of trib-
utaries. These estimates are global at the scale of the floodplain units,
but the residence time may vary within a given floodplain, especially in
the low water period, among regions of swift current, such as channels
connected to the river, and slower flow regions, such as lakes discon-
nected from the drainage network.

Lesson 10: Water renewal in the floodplain units is high (low) during high
water (low water) with water residence time around 6 days during high water
and several months during low water period.

The duration of the high water renewal period, defined here as the
period in which the residence time is less than or equal to 25 days (gray
regions in the Fig. 9), has an average of 177 days across all units. In units
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1, 3 and 5, this period varies between 100 and 150 days. In units 2, 4 and
6 the duration is 150 to 200 days, and in units 7 and 8 the duration is 200
to 250 days. Therefore, there appears to be an increase in the period of
high water renewal from upstream to downstream floodplains units.

Lesson 11: Period of high water renewal in the central floodplain units
increases from upstream to downstream of the Amazon River.

The mean residence time in 2008 was 6.4 days with the high water
renewal period lasting 6 months (179 days), whereas in 2009 and 2010,
the mean residence time was 5.4 and 7.4 days with high water renewal
period of 215 and 137 days, respectively. Thus, an large (small) flood
appears to promote a shorter (longer) average residence time of
approximately 1 day and a longer (shorter) high water renewal period
between the river and the floodplain of approximately 40 days. This is in
line with section 4.2, in which an large (small) flood causes an advanced
(a delay) of the water inflow into the floodplain by approximately one
month.

Lesson 12: large and small floods cause variations of up to 80 days in the
duration of the period of high water renewal.

5. Summary and conclusions

In this study we present the results of the first ever high resolution 2D
hydrodynamic simulation of water flows over a large area (40000 km?)
in the central Amazon floodplain, covering a three-year period
(2007-2010) including normal, large and small flood years. The model
improved the representation of water surface elevation of the Amazon
River and flood extent in the floodplain compared to past modelling
studies. The study also provides significant advances over previous local
scale (small area) studies. Model accuracy for flood extent was better in
high water conditions (~80%) than in low water conditions (~52%) and
the error in water surface elevation (77 cm) was small compared to the
Amazon flood amplitude. The model also provided accurate represen-
tation of floodplain flow and Amazon River discharge with errors
smaller than 20%.

Part of the modelling errors may be related to model input and
validation data, such as remote sensing maps of water surface extent,
and the lack of representation of hydrological processes, such as local
infiltration, precipitation, evaporation and groundwater flow. Un-
certainties in the model input discharge are small (about 4% at Mana-
capuru station and 15% for MGB model; Alves et al., 2021; Siqueira
et al., 2018) and have minor impact on our findings. Despite the small
vertical error of the topographic data (90 cm), permanently flooded
areas in the floodplain are underestimated, causing uncertainties in our
results (depth and volume), especially in the low water period. Simi-
larly, the water level used as a downstream boundary condition was
obtained at a gauge station 77 km downstream that possibly has a
smaller flood pulse amplitude (about 40 cm lower) and therefore
causing uncertainty in the model, especially in downstream floodplain
units and in low water period (overestimated minimum level). Finally,
simple uncertainty analysis of the sensitivity of the modelling to the
Manning coefficient in the floodplain, which is probably the most un-
certain parameter in the model, showed robust results in floodplain
flows, with minor impact on our conclusions. The representation of
hydrological processes in the floodplain should be further evaluated in
future studies since these processes can affect the residence time and
water flow in the floodplain (e.g. Tull et al., 2022).

The stored volume, average depth, and flood extent in the floodplain
varied on average by 162 km3, 4.6 m (2.5 to 7.1), and 7560 km?
respectively, between the low and high water periods (Lessons 1, 2, 3;
hereafter L). The floodplain can be compared with a confined basin in
which large and small floods, such as that of 2009 and 2010, have more
impact on the stored volume and water depth in the floodplain than on
the flood extent (L3). We observed significant flood extent and volume
hysteresis that may relate to the floodplain hydrodynamic complexity
4.

Gross inflow and outflow in floodplain units greatly surpass the net
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inflow and outflow, indicating that the floodplain flux is generally more
expressive than storage infilling and outfilling (L5). Large and small
floods can promote an advance or delay, respectively, of up to one
month in the flood onset in some floodplain units, although the peak
occurs in the same period of the river flood (May and June; L6 and L7).

For the first time, our results show how the Amazon River floodplains
are intensely active during the flood (May/June), with parallel riverine
fluxes in floodplain units ranging from 2.5% to 20% of the main river
discharge in the same period (L8) and water residence time ranging from
1.5 to 13 days (L10). This indicates that the Amazon floodplains route a
large fraction of the riverine fluxes. If we consider the floodplains
(20-50 km wide) as a continuous extension of the river channel the
Amazon River is the widest river in the world during the flooded season.
Conversely, the water residence time can be of several months during
the periods of low water renewal with the river, and low water flood-
plain flows show negligible values when compared to the flood period.
The floodplain velocity fields are heterogeneous, with active flow
channel and storage areas (L9). Furthermore, large and small floods
promote, respectively, an increase and decrease of duration of the high
water renewal period by 40 days due to the advance and delay of water
inflow into the floodplain (L11 and L12).

Our study contributes to understanding the dynamics of the complex
Amazon hydrological systems. The 12 learned lessons about the Amazon
floodplain hydrodynamics have important implications. For example,
the rating curves used to monitor the Amazon River discharge at Obidos,
the lowermost hydrological gauge station in the voluminous Amazon
River, do not account for the flow that passes through the floodplain -
about 14% in the 2009 flood (34000 m® s 1). This flow rate is larger than
the average discharge of the largest tributaries of the Amazon River (e.
g., 28000 m> s~ for the Negro River and 31000 m® s for the Madeira
River). Therefore, estimates that depend on the river discharge, such as
export of water (Callede et al., 2010), carbon (Richey et al., 2022) and
sediment to the ocean (Armijos et al., 2020), water balance (Moreira
et al., 2019), and even climate assessment (Jahfer et al., 2017) may be
biased. Our findings are also important to understand the impacts of
large floods, that have been recently more frequent in central Amazon
(Chevuturi et al., 2022), on riparian communities, improve the repre-
sentation of hydrodynamic processes in floodplains in larger-scale
models (e.g. MGB and Camaflood), mapping aquatic habitats (Hess
et al.,, 2015), and understand nutrient and sediment budgets in the
floodplain, since the water mixing strongly influences the biogeo-
chemical characteristics of the water (Wohl, 2021).
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