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Highlights:

Landsat flood frequency-based method applied for floodplain topography estimation
0.9 m floodplain elevation RMSE after vegetation bias removal with ICESat-2

River bathymetry (~1100 km extension) obtained from nautical charts; RMSE of 7.5 m
High-resolution (30 m) water depth and topography maps for middle-lower Amazon

Storage volume on floodplain open-water areas varies 104.3 km? on average each year

Keywords:
Flood frequency; Water level; Topography; Digital Elevation Model; MERIT; SRTM;
Amazon; Lakes, Floodplain; Geomorphology changes; Storage volume; Altimetry; ICESat;

Landsat; Global Surface Water; Google Earth Engine.

Abstract:

Terrain elevation is essential for land management, navigation, and earth science applications.
Remote sensing advancements have led to an increase in the availability of a range of digital
elevation models with global to quasi-global land coverage. However, the generation of these
models in water bodies requires specialized approaches, such as the delimitation of the
shorelines (isobaths) of lakes over time. Therefore, the processing costs are high in complex
areas with many lakes. Currently, there is no systematic topographic mapping of lakes and
channels in large and complex floodplains using remote sensing data. We present here the
first high-resolution topographic mapping (30 m) of the non-forested portion of the middle-
lower Amazon floodplain using a new method based on in-situ Amazon river water levels and
a flood-frequency map derived from the Landsat Global Surface Water Dataset. Validation

using locally derived bathymetry showed a root mean square error (RMSE) of 0.89 m for
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floodplain elevation and a good representation of spatial patterns with Pearson’s correlation
coefficient of 0.77. Our approach for improving topographic representation in open water
areas is an alternative to SRTM3 DEM or MERIT DEM, which represents these areas as a flat
surface. We also generated the Amazon River bathymetry using nautical charts from the
Brazilian Navy (average RMSE of 7.5 m and bias of 5 m), and floodplain depths maps
corresponding to the high- and low-water periods of the river flood wave. The results show
that the storage volume in the open-water floodplain varies 104.3 km? on average each year
(from 11.9 km? in low-water to 116.2 km? in high-water). The method can be applied to any
temporarily flooded area to provide the often missing underwater digital topographic data
required for hydrological, ecological, and geomorphological studies. The data set developed

in this study can be found at https://doi.org/10.17632/vn599y9szb.1.
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1. Introduction

Floodplain lakes are important freshwater reservoirs, habitat for aquatic biota, and
biogeochemical cycling. In this respect, lake bathymetry is essential information in the
quantification of many processes such as water storage (Avisse et al., 2017; Busker et al.,
2019; Messager et al., 2016), sedimentation rate, and many other key variables for
understanding floodplain morphology and the hydrodynamic interactions between rivers and
lakes (Chen et al., 2019; Hamilton et al., 2004; Paiva et al., 2013; Park and Latrubesse, 2017,
Trigg et al.,, 2012). Furthermore, topography is essential for accurate hydrodynamic
simulations, since the error associated with topographic data affects, for example, the
representation of water flows, flood extent, and storage volume in numerical simulations
(Baugh et al., 2013; Paiva et al., 2013; Trigg et al., 2012; Yamazaki et al., 2012).

Digital elevation models (DEMs) can be obtained on global scales, such as the
WorldDEMTM (Krieger et al., 2007), Global Digital Elevation Model — ASTER GDEM
(Tachikawa et al., 2011), Global Multi-resolution Terrain Elevation Data - GMTED2010
(Danielson and Gesch, 2011), and Shuttle Radar Topography Mission — SRTM (Farr et al.,
2007) models. SRTM is the most widely used DEM in hydrodynamic simulations (Paiva et
al., 2013; Rudorff et al., 2014a; Trigg et al., 2009; Wilson et al., 2007; Yamazaki et al., 2012).
However, these DEMs are affected by vegetation cover or other objects on the surface and are
subject to acquisition and processing errors, such as absolute bias, speckle, and stripe noise
(Rodriguez et al., 2006). A further limitation is that topographic information below the water
surface observed on the date of the satellite overpass cannot be recovered due to specular
reflection of the pulse in the opposite direction of the sensor antenna. Although previous
studies have developed global or nearly global DEM with correction of the vegetation bias
(Loughlin et al., 2016) and other errors (Yamazaki et al., 2017), there is still no database of

floodplain topography in regions mapped as open water in the SRTM. In the Amazon
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floodplain, for example, lake-floodplain topography has been systematically omitted from
hydraulic simulations due to lack of bathymetric information (e.g. Baugh et al., 2013; Wilson
et al., 2007; Yamazaki et al., 2012). Performing bathymetric surveys in large wetland systems
such as in the Amazon is a difficult task by conventional methods due to its large size and
difficulties in accessing remote areas, high cost, and required time for data acquisition and
processing. Indeed, few surveys have been performed on floodplain lakes of the
Solimdes/Amazon rivers (Barbosa et al., 2006; Pinel, 2017; Trigg et al., 2012). Thus, an
automated method to characterize lake and channel topography without field surveys has
great relevance to improving the representation of water flow in hydrodynamic simulations.
Furthermore, such a product could be used for ecological and geomorphological studies.

As an alternative to conventional methods, remote sensing data have been used to
estimate lake topography (Arsen et al., 2013; Fassoni-Andrade et al., 2020; Feng et al., 2011;
Getirana et al., 2018; Tseng et al., 2016). In these studies, temporal open water surface extent
maps from Landsat images and satellite altimetry (e.g. ICESat-1 and 2, Jason-1, 2 and 3, and
ENVISAT) were used. Despite these advances, a method that adequately estimates
continuous digital terrain elevation over large floodplains with complex topography
comprising seasonally variable lakes and intricate networks of channels, such as in the
Amazon (D. Alsdorf et al., 2007; Trigg et al., 2012), has yet to be developed. This gap is
possibly due to approaches generally considering individual lakes and not well suited to more
complex regions with many lakes. The flood frequency-based method described by Fassoni-
Andrade et al. (2020) fills this information gap by estimating topography pixel-by-pixel based
on a flood frequency map.

This paper presents the first remote sensing-based high-resolution topographic
mapping (30 m) of the non-forested portion of a large floodplain system composed of lakes

and channels, located in the middle-lower reach of the Amazon River. The method applies the
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Fassoni-Andrade et al. (2020) approach by using a time series of water levels for each
floodplain pixel, thus characterizing water surface elevation at the pixel level. We also
generated bathymetry for the mainstem Amazon River channel based on nautical charts from
the Brazilian Navy. Finally, we applied the technique to create depth maps corresponding to
the high- and low-water periods of the river flood wave and estimated the average range in

water storage for the studied reach.

2. Study area

Topography was estimated in open water regions of the Amazon River floodplain
between the confluence of the Negro and the Xingu rivers (-1.59 °S -60.48 °W to -3.98 °S -
52.54 °W; mask in Figure 1). Open water areas correspond to 9% of the Amazon basin
wetland areas, a total of 73,458 km?, and are located mainly in the floodplain associated with
the middle-lower Amazon River reach (Hess et al., 2015). The reach from -70.5°W to -
52.5°W contains about 6,500 lakes (Sippel et al., 1992) that vary in shape, depth, and
connectivity degree (Trigg et al., 2012). Along the Amazon mainstem, the variation of open
water area in the floodplain increases from the Negro River confluence to the Tapajos River
confluence and reduces from that point to the Xingu River confluence (Fassoni-Andrade and
Paiva, 2019; Hess et al., 2015; Mertes et al., 1996). The last reach is subject to tidal variation
and has few lakes. Therefore, there are more temporally flooded areas in the reach between
Parintins and the confluence with the Tapajos River (Figure 1). This reach has large shallow
lakes, called depression lakes because they are surrounded by regions of higher overbank
deposition of fine sediments (Dunne et al., 1998; Junk et al., 2012; Mertes et al., 1996).

The monomodal pulse of the Amazon River, which varies from 10 to 6 m in amplitude
from Jatuarana to Obidos (Figure 1), strongly influences the variation in the flooded area of

this region, which in turn affects numerous ecological processes in the floodplain (Junk et al.,
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2011). The floodplain receives nutrients and sediments from the river during the flood period
(May/June), while in the low-water period (October/November) the lakes decrease in size or
connectivity with the river, changing the local ecological conditions (Junk et al., 1989). For
example, the seasonality of algal blooms, tree seed dispersal, and fruits are synchronized with
the flooding regime, hence affecting the distributions and feeding habitats of herbivorous and
omnivorous fish (Castello et al., 2015; Melack et al., 2009). Furthermore, the growth of
aquatic macrophytes in floodplain lakes is related to topography, with a higher concentration
occurring towards the littoral zone and a dependence on the lake water level (Junk and
Piedade, 1997, Silva et al., 2010).

This study area was chosen because it has a great diversity of lakes and channels of
different sizes and shapes reflecting a variety of geomorphological processes, with high
variability in the flooded area (Latrubesse and Franzinelli, 2002; Mertes et al., 1996).
Additionally, exception for the Lago Grande de Curuai floodplain (Figure 1b), the region has
not been well characterized in terms of floodplain hydrodynamics, with many questions still
to be answered concerning water flows, the hydrodynamic interaction of the floodplain with

the river, and the effects of these processes on the ecosystem (Melack et al., 2009).
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Figure 1. a) Amazon floodplain between the confluence of the Rio Negro and the Xingu River
showing the locations of gauge stations and cross-section in the Amazon River and the limits
and identifications of nautical charts from the Brazilian Navy. b) Bathymetric survey of the

Lago Grande de Curuai floodplain.

3. Data and Methods

The method to estimate the topography in temporally flooded areas is described in
Fassoni-Andrade et al. (2020) and depends on a flood frequency map and water level duration
curve (obtained from water level time series). In this approach, the bottom level at a pixel is
estimated to be the water level whose probability of exceedance is equal to the flood
frequency at the same pixel (Box A in Figure 2). Therefore, it is necessary to know the water
level duration curve and the flood frequency for each pixel. If only one water level time series

is available for the water body, a horizontal surface will be assumed for the whole area, as



163

164

165

166

167

168

169

170

171

172

173

175

176

177

assumed in the Flood2Topo application (Fassoni-Andrade et al., 2020). For areas with
variable water levels, such as the Amazon floodplain, distributed information on water level is
preferable. However, water level time series are not available for all floodplain open water
areas. Data from gauging stations in the Amazon River were therefore used to estimate the
water level in the floodplain.

The flowchart in Figure 2 shows the processing steps. The open-water mask in the
floodplain was firstly defined, followed by interpolation of the water level along the Amazon
River, interpolation of the water level in the floodplain, and estimation of the topography.
Finally, bathymetric information of the Amazon River from nautical charts of the Brazilian

Navy was added in the mapping.

Datasets:
1 Open-water mask Flood frequency map and ~ Water level time series
BRI IRCGSW L U _
. Sei Water level duration
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e # oy A curve at a pixel
b -
) 2015 | %
! 5
2 Water level: Amazon River Nwater 1984 =
n »
B /\;\ ’r"/ |:> Flood frequency at a pixel Exceedance probability

4 Floodplain topography estimation

Bottom level = water level

3 Water level: floodplain whose

Exceedance _ Flood
probability  frequency

Bottom level
Water level

s
A

A
Vel

»

Exceedance probability
Flood frequency

'\
{!
g
P%
LS

L o e e e e o] 5 Bathymetry of the Amazon River

Figure 2. Processing flowchart for topography estimation in the Amazon River floodplain.

3.1. Datasets
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A flood frequency map (or open water frequency — OWF map) was used to define
open water bodies in the study area. It was calculated from the JRC Global Surface Water
(GSW) Monthly Water History v1.0 (Pekel et al., 2016), considering the period from March
1984 to October 2015 (total of 380 months/32 years). This database represents the monthly
record of the water presence on a global scale since March 1984, corresponding to the images
from the Landsat series classified as water, no-water, and no-data with a spatial resolution of
30 m (Pekel et al., 2016; available at <https://global-surface-water.appspot.com/>). The water
cover classification accuracy showed omission errors of less than 5% and commission errors
of less than 1% (Pekel et al., 2016). Google Earth Engine (Gorelick et al., 2017) was used to
create the OWF map, as described in Fassoni-Andrade et al. (2020; available at
https://code.earthengine.google.com/4c07b2c3eel137eb767addca8e005009¢c). As  Landsat
sensors are optical, the number of valid observations is limited during the period in which
cloud cover is higher, i.e., during the austral summer for the central Amazon basin (Martins et
al., 2018), which is the rising period for the Amazon River.

Daily water level data from 1984 to 2015 for five gauge stations in the Amazon River
were obtained from the Brazilian National Water Agency (ANA; locations in Figure 1). These
data were referenced to the 2008 Earth Gravitational Model geoid (EGMO08) according to
correction values recommended by Calmant et al. (2012). Data gaps were filled as
documented in Text S1 and Figure S1 (Supporting Information). Amazon River bathymetry
was obtained by digitizing 14 nautical charts from the Brazilian Navy, which are identified in
Figure la (available at marinha.mil.br). Bathymetric surveys between Manaus and Obidos
(nautical charts from 4032 to 4022) were carried out between 2010 and 2017, and bathymetric
surveys of the nautical charts downstream from Obidos (4103b, 4103a, 4102b) are older,

varying between the years 1997 and 2014.

10
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3.2. Floodplain topography

The open-water mask in the floodplain was defined using the OWF map, i.e., the area
delimited by flood frequency greater than 0% during 1984 and 2015. Since this dataset has a
spatial resolution of 30 m, numerous floodplain channels and lakes were mapped. Main
tributaries (Madeira, Tapajos, and Trombetas rivers) and the Balbina reservoir were excluded
since only water level information from the Amazon River was used. The mask is presented
by the black region in Figure 1a.

Amazon river's daily water levels (five stations) were interpolated along the river
channel. To overcome the channel sinuosity effect on distance calculation between river
sections, equidistant points (30 m) were distributed along the channel centerline in the flow
direction (blue line in Figure la; total length of ~ 1100 km) and used for the linear
interpolation procedure. In the reach downstream of Santarém (~349 km in length), the
interpolation endpoints were Santarém (distance to the ocean of 768 km; Kosuth et al., 2009)
and Ponta do Céu (distance to the ocean of 75 km, Kosuth et al., 2009), which can be referred
to as the local average sea level with a water level of 0 m (Kosuth et al., 2009). This reach is
subject to maximum tidal wave amplitude variation of 1.5 m at the furthest downstream
evaluated point, located 419 km away from the ocean (Kosuth et al., 2009). The linear
distribution of the water level along the river channel can be assumed since the cross-
validation of the water level at Jatuarana, Parintins, and Obidos stations showed satisfactory
results, as described in the Supporting Information (Text S2 and Figure S2).

As suggested by Alsdorf et al. (2010), local runoff originates only 10% to 20% of the
Amazon floodplain water volume. Thus, it is reasonable to assume that the Amazon River
water level is sufficient for estimating the floodplain water level. Daily water level time series
from 1984 to 2015 at each pixel in the floodplain were estimated by interpolating the water

level along the river using the Nearest Neighbor method. Water level duration curves were

11



228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

then obtained for each pixel by sorting the water level time series data in decreasing order and
calculating the exceedance frequency. Finally, the elevation of the lake or channel bottom at a
pixel was considered equal to the water level whose exceedance frequency is equal to the
flood frequency at the same pixel (Fassoni-Andrade et al., 2020), again relative to the EGMOS8
geoid.

Daily water level data and the Nearest Neighbor method were chosen for the
floodplain topography estimation because this approach showed better results than six
exploratory experiments performed and described in the Supporting Information (Text S3 and
Table S1). The experiments considered two interpolation methods to estimate the floodplain
water level (linear and nearest neighbor) and three time series for calculation of the water

level duration curve (daily, monthly, and monthly selected).

3.3. Amazon River bathymetry

The method is not able to estimate bathymetry in permanently flooded regions such as
in the Amazon mainstem channel. Therefore, the bathymetry of the river was obtained from
the nautical chart information and included in the mapping procedure. According to the
Brazilian Navy, values in the Amazon nautical charts used in this study refer to water depths
related to the local water surface elevation that remains 90% of the time. This 90% reference
level was estimated for each point considering the period from 1984 to 2015. The water
surface reference level was then subtracted from the water depth resulting in elevation values
(EGMO0S), and the extracted points were interpolated using the topo to raster method

(Hutchinson, 1989) to create an elevation map with 30 m spatial resolution.

3.4. Validation datasets

12
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The estimated water level along the Amazon River and the non-forested portion of the
floodplain were validated using ICESat-1 altimetry data derived from the DLAS/ICESat
GLA14 Global Land Surface Altimetry Data (Zwally et al., 2014). These data represent the
level from 2003 to 2009 of inland water (O’Loughlin et al., 2016) delimited by a static global
water mask, and have a height accuracy of 10 cm (Urban et al., 2008). Therefore, some data
may represent the emerged lake bottom surface in periods of low-water due to the reduction
of the floodplain flooded area (O’Loughlin et al., 2016). The criterion for eliminating outliers
resulting from this problem was based on the Amazon River annual flood date. The data were
divided according to hydrograph phase in rising (January, February, and March), flood (April,
May, and June), falling (July, August, and September), and low-water (October, November,
and December), in such a way that the upper (lower) levels greater than the average plus
(minus) two standard deviations of each period were eliminated. GLA14 data useful for the
evaluation were converted from the EGM96 to the EGMO08 datum using the Mensuration
Services Program - Geographic Translator (MSP GEOTRANS 3.7, available at earth-
info.nga.mil). In addition to altimetry data, water level time series from Vila Curuai Station
(Figure 1b) were used to validate the interpolated level in this floodplain, with absolute
EGMOS8 values estimated according to Moreira (2016).

Bathymetric data for the Lago Grande de Curuai were used to validate the estimated
topography, which to the authors' knowledge is the only available data for floodplain lakes in
the studied region. This dataset was produced by previous studies (Barbosa, 2005; Barbosa et
al., 2006; Rudorff et al., 2014a) and corresponds to an extensive bathymetric survey by echo
sounder (orange dots in Figure 1b). The SRTM3 DEM v2.1 (Farr et al., 2007) and the Multi-
Error-Removed Improved-Terrain DEM (MERIT DEM; Yamazaki et al., 2017) were also
compared to the Curuai bathymetry data for open water areas. MERIT DEM improved the

SRTM3 DEM by filling some observation gaps over water bodies and removing errors such

13
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as speckle noise, stripe noise, absolute bias, and tree height bias (Yamazaki et al., 2017).
However, both models represent open water areas as a flat surface.

In the Amazon mainstem, channel bathymetry was evaluated from river cross-sections
surveyed by the Brazilian Geological Survey (CPRM) at Manaus, Careiro, Jatuarana,
Iracema, Itacoatiara, and Obidos gauges (Figure 1).

The following metrics were applied for assessing topography error: mean, standard
deviation, minimum, maximum, bias (Equation 1), Pearson correlation coefficient, Root
Mean Square Error (RMSE, Equation 2), RMSE of bias-corrected values (RMSE', Equation

3), and coefficient of determination of bias-corrected values (R?', Equation 4)

bias = RiL; (x{* - x7**) M
’ 1 2
RMSE' = 257, (G — xan) — (677 — 2855,)) ®

2
n obs obs est_ . est
i=1((xi _xmean) - (xi —Xmean )

2
n obs_.,.obs _(+0bs_ . o0bs
i=1<(xi xmean) (xi Xmean mean)

R¥ =1- “)

4. Results and discussion
4.1. Validation of interpolated water levels
4.1.1. Amazon mainstem
Figure 3 shows the differences between interpolated and ICESat-1 daily water levels

along the Amazon mainstem. Note that the error does not have a spatial pattern along the river

14



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

(bias of 4.24 cm; bias/(maximum-minimum) of 1.32 m; n = 281). RMSE is low (44.85 cm), as
it represents less than 5% variation in the amplitude of the Amazon River water surface

elevation (~10 m at Jatuarana station).
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Figure 3. The error of interpolated water level along the Amazon River. Green dots indicate

underestimation, red dots overestimation, and yellow dots the smallest obtained errors.

4.1.2.Floodplain

Figure 4 shows the spatial distribution of the errors (interpolated minus ICESat-1
levels) for rising, flood, falling, and low-water periods. The spatial pattern shows that the
errors are, in general, random and do not increase with distance from the river. The
interpolated water level was overestimated during the rising, flooding, and falling periods and
underestimated during the low-water period (bias in Figure 4). The RMSE ranged from 0.65
(falling) to 1.40 (low water), and Pearson’s correlation coefficient was high (>0.8). The
overestimations are higher in regions farther from the river, such as the points in the black
circles of Figure 4. Ria-type lakes that are located in these regions receive important
streamflow from the local catchment and the backwater from the Amazon River.
Overestimations are higher near Parintins during the rising and high-water periods (points in

the red boxes of Figure 4a and b). The falling period has low representativeness since few
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320  data are available and are located in a single region of the floodplain (n = 160; Figure 4c). In
321  the low water period (Figure 4d), the spatial pattern is more random, with some values
322 underestimated by up to -15 m and a higher RMSE (1.40 m). These underestimates may be
323  related to the observations of ICESat-1 inland regions during this period, that is, some of the
324 ICESat footprints may have included land as well as water. Furthermore, with less
325  connectivity among water bodies, water can also be contained in isolated lakes with higher
326  water elevation.

327
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Figure 4. The error of the water level in the floodplain estimated by gauge data interpolation
for a) rising, b) flood, c) falling, and d) low-water periods. Green dots indicate
underestimation, red dots overestimation, and yellow dots the smallest errors; e) Water level

at Vila Curuai station.

Comparison of the interpolated level with the observed level at the Vila Curuai station,
located in the Amazon river floodplain, shows RMSE of 0.37 m, bias of 0.33, and Pearson’s
correlation coefficient of 0.98. Throughout the year, the difference between the interpolated
and estimated level is maximal in the high-water period and minimal in the low-water period
(Figure 4e). Underestimation of the water level was also observed in some low water periods,
as in November 1995, 1998, 1999, 2005, and 2010 (Figure 4e). The loss of connectivity
between the gauge station and the main Curuai lake, which remains connected to the Amazon
River, may cause this effect. Thus, isolated lakes in the low water period impound water, and
the water surface elevation can be higher than that of the river and other lakes. Therefore, the
estimation of the water level from the interpolation of the river level is subject to
underestimation in floodplain areas that lose connection in the low-water period.

The accuracy of the estimated topography is related to uncertainties in the estimation
of the floodplain water level. In the approach used here, both floodplain and river water
surface elevation are considered to be approximately the same, which is not always true.
Alsdorf et al. (2007) and Rudorff et al. (2014b) demonstrated that during the rising and
receding limb of the hydrograph differences in water surface elevations between river and
floodplain are controlled by the levee topography. During the high water period, widespread
overbank flow occurs, and the river-floodplain difference in water surface elevation
decreases. Thus, the floodplain water level can be lower than the river water level,

overestimating the topography. Moreover, the water can be blocked in some floodplain lakes
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during the low-water period, such as in the Lago Grande de Curuai (exemplified in Figure
4e). In this case, the floodplain water level is higher than the river water level, and the
topography is underestimated in regions with high flood frequencies (i.e. areas where the

level is low).

4.2. Assessment of nautical charts

The Amazon River cross-sections estimated from nautical charts were underestimated
with error ranging from 4.3 to 44.5% (average of 20.8%), average RMSE of 7.5 m, and
average bias of 5.0 m (Figure 5; Location in Figure 1). The sections are representative of the
reach between Manaus and Santarém. The nautical charts for the reach downstream of
Santarém are older (nautical charts 4103B, 4103A, 4102B in Figure 1) and have fewer
isobaths (lines of equal depth). Therefore, this reach presents greater uncertainty in the river
topography relative to the upstream reach.

The comparison of cross-sections in Figure 5 considers the coordinates of the
bathymetric surveys from CPRM except for the section at Obidos. Elevations and cross-
section distances from this station were obtained from ANA. Cross-section coordinates were
missing and were obtained from those reported in Filizola et al. (2014), which can increase
the uncertainty of the estimate. For example, the observed section has high elevation points at
the river banks that are not observed in the estimated section (red box in Figure 5). If these
points are omitted from the analysis, the error in Obidos cross-sectional area reduces from

27.8% 10 2.6%.
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Figure 5. Cross-section transects of the Amazon River (locations shown in Figure 1)
estimated from nautical charts and observed at CPRM gauges. Elevation relative to the

EGM2008 geoid.

4.3. Validation of topography in Curuai floodplain
4.3.1. Assessment

Figure 6 shows the observed, considering the interpolation of bathymetric survey
points (Figure 1 for location), and estimated topography in the non-forested portion of the
Lago Grande de Curuai floodplain. In general, there is a spatial-temporal agreement between
observed and estimated values. The deepest floodplain channels were overestimated because
the method is limited in permanently flooded regions, however, points with flood frequency
equal to 100% represent only 1% of the sampled points. Figure 6b and c also exemplify the
slatted appearance in the estimated topography due to the Landsat scan line corrector failure
(Pekel et al., 2016), carrying these artifacts into the flood frequency and the topographic

maps.
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Figure 6. Topography of lakes and channels in the Curuai flood basin derived from (a)

interpolation of sonar survey data (Rudorff et al., 2014a) and (b) the flood-frequency

processing. ¢) Landsat Global Surface Water Dataset flood-frequency map

Table 1 presents the metrics of estimated topography considering the approach in this
study (non-horizontal water surface, called hereafter Estimated), and by other approaches.
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The table also shows the metrics for SRTM3 DEM v2.1 and MERIT DEM in open water
areas. Besides, Figure 7 shows the scatterplots of observed versus estimated bottom level by
different approaches. The Estimated topography has better metrics than SRTM3 and MERIT.
This is especially true for metrics that evaluate the spatial variation of topography, such as
Pearson’s correlation coefficient, RMSE’, and R?’ since these models represent the open-
water area as a flat surface. Thus, the proposed method is an alternative to estimate the

topography in open water areas and replace those areas in global DEMs.

Table 1. Metrics of the observed topography (points in Figure 1) compared to SRTM3 DEM,

MERIT DEM, and estimated by different methods

Mean Stal.ldz.‘rdMinimumMaximum Bias RMSE Pearson RMSE’ 25
deviation R
(m) (m) (m) (m) (m) (m) Coef. (m)
Observed 451 139 -11.66  9.54 ; ; ;
SRTM3 DEM 131 1.03  -5.00 2800 -320 355 022 153 0
MERIT DEM 472 164 -101 2778 021 140 059 138 0
Tseng’s 444 138 314 1210 -006 121 062 121 024
approach
Fassoni- 545 140 3.4 1190 094 147 067 113 034
Andrade’s

Estimated  5.30 145 2.75 1249 079 130 0.73 1.04 0.44

Estimated 5y 302 239 917 000 089 077 089 059

bias-corrected

The methods proposed by Tseng et al. (2017) and by Fassoni-Andrade et al. (2020)
were also applied to estimate the topography (called hereafter Tseng’s and Fassoni-Andrade’s
approaches; Table 1). In Tseng’s approach, the maximum and minimum water level at Obidos
station, located in the Amazon River near Curuai floodplain, were used so that the topography
was obtained pixel-by-pixel by multiplying the probability of no-flood by the water level
amplitude and adding the minimum level (Tseng et al., 2017). Thus, this method assumes a

linear water level duration curve, as exemplified in Figure 7f, which also shows the observed
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water level duration curve in Obidos. Analysis of these curves shows that Tseng’s approach
underestimates the bottom level in regions of flood frequency between 20 and 100% and
overestimates in regions of flood frequency between O and 20%. As this approach
underestimates topography, overestimation errors are compensated, resulting in a lower bias
and RMSE and closer mean and standard deviation to the observation reference compared to
the Estimated topography (Table 1). The vegetation bias is an example of overestimation error
and is discussed in section 4.3.2. In contrast, measures of the topography variation of Tseng’s
approach (Pearson, R* and RMSE’) are inferior (also in Figure 7c) than approaches using the
observed water level duration curve.

Fassoni-Andrade’s approach is the same as this study but considering a single water
level time series, i.e., the authors assumed a flat-water surface without distributed level
information on the floodplain. The water level duration curve at Obidos station used in
Fassoni-Andrade’s approach resulted in higher bias and RMSE compared with Estimated
topography and Tseng's approach. In contrast, it showed a better representation of topographic
variation than Tseng’s approach (Pearson, R* and RMSE’; Figure 7d). In conclusion, the
Estimated topography in the present study provided results that are better than those assuming
a linear water level duration curve (Tseng's approach) and non-distributed water level in the

floodplain (Fassoni-Andrade's and Tseng's approaches).
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Figure 7. Scatterplots of observed versus estimated bottom level in Curuai floodplain. Note
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Tseng’s approach; d) Fassoni-Andrade’s approach; e) Estimated topography; f) Water level

duration curve estimated by Tseng’s approach, and observed in Obidos.

4.3.2.Bias correction

The topography mapping is subject to two main sources of uncertainty: the estimation
of water elevation based on linear interpolation of stream gauge data (Section 4.1), and the
flood frequency mapping based on the GSW Monthly Water History. In addition to having
errors associated with the Landsat data (e.g. cloud cover and scan line corrector failure), the
classification of water- covered surfaces in this data set does not consider the inundated
vegetation areas where the vegetation height is greater than the water surface elevation. Since
these areas are classified as flooded only when the water level is equal to or greater than the

vegetation height, the flood frequency map represents the flood above the vegetation, and
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therefore the estimated topography has a bias related to vegetation. Furthermore, since the
mapping has 30 m spatial resolution and a 30-year period is considered, the misclassification
in the images is also related to the spectral mixture of reflectance from flooded surfaces and
temporal changes in the surface.

The floodplain is vegetated by alluvial forest, shrubs, and seasonally variable
macrophytes that include emergent grass species (e.g., Hymenachne amplexicaulis, Oryza
perennis, and Paspalum repens) and free-floating assemblages (e.g., Eichhornia crassipes,
Ludwigia spp., Neptunia oleracea, and Pistia stratiotes) (Silva et al., 2013). The height of
these vegetations can be complex to characterize due to water level variation, vegetation
types, and phenology. For example, aquatic macrophytes, predominant in floodplain lakes,
have a growth pattern that follows water level variation. This vegetation establishes in the
terrestrial phase and only its top is not submerged in the aquatic phase until its decline (Junk
and Piedade, 1997; Piedade, 1993). Thus, the height of this floating vegetation is related to
permanence in the environment and the water level variation. At the same time, the landscape
can be composed of higher vegetations that lose their leaves during flooding and/or lower
vegetations with high greenness, increasing the spectral mixture from flooded surfaces.
Therefore, the mosaic of different vegetation heights, adaptations to flood, and variation in
water level induce complex bias in the flood frequency map.

To illustrate the vegetation bias, the terrain elevation error was related to the
vegetation type in the middle-lower Amazon (Figure 8). The error was calculated from the
terrain elevation Estimated and observed by the ICESat-2 altimeter (launched in September
2018; available at openaltimetry.org). ICESat-2 data were selected between September 2018
and November 2019 considering the following criteria: 1) data collected in the low-water
period (October to December); 2) no-water; 3) cloud-free condition; 4) data uncertainty

smaller than 0.5 m. Vegetation cover was obtained for the ICESat-2 points considering the
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1996 high-water and 1995 low-water mappings elaborated by Hess et al. (2015). Figure 8
shows the terrain topographic error (Estimated minus ICESat-2 data) for 12 classes
considering the vegetation variation in the dual-season (Hess et al., 2015). The mean error
(black dots) and variation of the error (color bar) increase with increasing of the vegetation
height (Herbaceous/bare; Shrub; Forest). Regions with high amplitude of water level (color
bar in blue) have greater error than regions with a small amplitude (color bar in orange) since
the higher water level can exceed the higher vegetation. Besides, error variation possibly

increases from herbaceous to the forest because changes in the dossel structure increase height

variability.
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Figure 8. Bottom level error (Estimated minus observed from ICESat-2) and vegetation cover
in the middle-lower Amazon study area: Open water (Water); Aquatic macrophyte (flooded
herbaceous; F. herb.); Non-flooded bare soil or herbaceous (Soil or herb.); Non-flooded or
Flooded shrub (N-f. or F. shrub); Flooded woodland ( F. woodland); Non-flooded or Flooded

forest (N-f. or F. forest).
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Bias correction of the topographic map can be done in a simple approach by relating
the flood frequency with the error. Figure 9b shows the relationship between flood frequency
and the error in the Estimated topography of the Lago Grande de Curuai. As the flood
frequency decreases, topography overestimation increases, i.e. larger errors occur in regions
of lower flood frequency. Thus, a linear relationship between flood frequency and ICESat-2
error (Figure 9a and Equation 1) was adjusted to reduce vegetation bias in the middle-lower
Amazon. Figure 9c shows the relationship between flood frequency and the Estimated
topography error in the Lago Grande de Curuai after bias correction. Note that bottom level
bias reduced to zero, RMSE reduced from 1.30 m to 0.89 m, and Pearson’s correlation

coefficient increased from 0.73 to 0.77 in this floodplain (Table 1; Estimated bias-corrected).

Bottom level corrected = Bottom level —(3.3619 — 0.0301 - FF) 4)

Where the bottom level is in meters and the flood frequency (FF) is in %.
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Figure 9. a) Linear fit of the bottom level error (Estimated minus observed from ICESat-2)

and the flood frequency in the middle-lower Amazon study area; b) Flood frequency versus
bottom level error before and c) after bias correction; d) Estimated topography with bias

removal in the Lago Grande de Curuai.

5. Middle-lower Amazon floodplain topography and water depth maps

The estimated topographic mapping of lakes and channels in the non-forested portion
of the Amazon floodplain, as well as the Amazon River bathymetry, is presented in Figure 10
and for a region in the Amazon floodplain in Figure 11. MERIT DEM does not represent the
topographic variation in water bodies (Figure 11a). In contrast, the estimated topography
represents many topographic details, such as the complex network of interconnected channels

(Figure 11b). Therefore, the proposed method is promising for estimating topography in
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temporarily flooded areas. Also, the estimated floodplain topography is representative of the
period from 1984 to 2015, thus, geomorphological changes in the fluvial channel and the
floodplain during that period were considered. The application of the method considering
different periods is a potential impactful application to assess geomorphology changes in a

dynamic environment.
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Figure 10. Estimated topography mapping of lakes and channels in the Amazon floodplain

and Amazon River bed elevation.

The flood frequency-based method does not estimate topographic information in
permanently flooded regions; therefore, all regions in the topography mapping that have flood
frequency equal to or close to 100% are represented by the lowest water level observed in the
period (1984 to 2015), as shown in Figure 11c. This occurs, for example, in ria-type lakes
(exemplified in Figure 1). These lakes with dendritic shapes are deeper, have flood frequency
close to 100% (Junk et al., 2012; Latrubesse, 2012), and receive water from both the local
basin and the main river (Ji et al., 2019; Lesack and Melack, 1995). The flood frequency map
provided in the data set can be used to evaluate permanently flooded areas where the

topographic map is inaccurate.
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Water depth maps in the floodplain open-water areas for the high-water and low-water
periods were created considering the maximum and minimum levels corresponding to the
average annual level between 1984 and 2015 calculated for each pixel (Figure 12a, b, and c).
For example, these reference levels in Jatuarana and Obidos are, respectively, 20.6 and 10.9 m
for high-water, and 10.6 and 4.9 for low-water (Figure 12a). The cumulative water depth
frequency in the floodplain (shown in Figure 12d) can be used to estimate the percentage of
the area with a depth less than or equal to a reference depth. For example, 75% of the open-
water area during the low-water period (total area of 8,159 km?) has a depth of less than or
equal to 2 m. In contrast, 75% of the open-water area has a depth of less than or equal to 8 m
in the high-water period (total area of 19,177 km?). Figure 12e shows the active storage
volume in the open-water floodplain for both periods.

The maximum depth in temporarily flooded areas (Flood frequency <100%) is given
by the range of water level variation over the considered period (i.e., the range from
maximum to minimum water level). In the case of the Amazonian floodplain lakes that are
subjected mainly to the monomodal Amazon River flood pulse, the method assumes that the
variation of the lake water level amplitude is equal to the river amplitude. In other words, the
maximum water depth in temporarily flooded areas is always smaller than the water level
amplitude of the Amazon River. As the river water level amplitude decreases from upstream
to downstream (Figure 12a), the lake depth also decreases, therefore, upstream lakes are
deeper than downstream lakes (Figure 12b e c). Trigg et al. (2012) also observed a
relationship between the Solimdes River water level amplitude and the depths of floodplain
channels subject only to the river flood wave. The authors showed that the average depth of
these channels, obtained by field survey during the high-water period (2009), has values close

to the river average amplitude. Results also agree with Alsdorf et al. (2010), who indicated
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573  that the water depths follow an upstream-to-downstream trend in the Amazon floodplain

574  using gravimetric and imaging satellite methods.
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Figure 12. a) Amplitude of the water level; Water depths maps for the period of b) high-water
and c¢) low-water; d) Cumulative frequency of water depth in the floodplain open-water areas;

e) Storage volume in the open-water floodplain.

Average active volume on the floodplain, i.e., the amount of water varying in the high-
water and low-water periods, represents a total of 104.3 km? each year (the range from 11.9
km? to 116.2 km?). The topography is not estimated in the whole flooded vegetation area, so
this is an underestimated value, but it represents a considerable volume. Frappart et al. (2019)
showed that storage variation in this region of the Amazon basin has a more significant
contribution of surface water than soil moisture and groundwater (>50%). Alsdorf et al.
(2010) found storage amplitude of Amazon floodplain values of 50 km?® and 60 km? for two
square regions (330 km x 330 km) located near Obidos and Manaus, respectively. Although
the range of areas is different, our estimate seems reasonable, representing 95% of the total
estimated by Alsdorf which included all flooded vegetation areas. In the Curuai floodplain
(Figure 6 for location), the storage amplitude was 8.4 km?, which is slightly more than the 7.9

km? estimate by Rudorff et al. (2014b).

6. Summary and conclusions

We presented the first high-resolution topographic mapping (30 m) of lakes and
channels of the middle-lower Amazon floodplain using a method based on flood-frequency
mapping derived from Landsat images. The seasonally flooded area mapped (47 thousand
km?) represents topographic variations between 1984 and 2015 and corresponds to 54% of the
wetland area of this reach. We also created a bathymetric data set for the Amazon River
channel (~ 1,100 km extension) using Brazilian nautical charts, and floodplain depths maps

for high- and low-water periods of the flood wave in the middle-lower Amazon River
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(average depth RMSE of 7.5 m and cross-sectional area error of 20.8%). We showed that our
approach using the distributed water level across the floodplain provides better topography
estimation than previous approaches. We also corrected the vegetation bias using ICESat-2
data, a recent and promising satellite for this application. Validation using locally derived
bathymetry showed an RMSE of 0.9 m for the floodplain bottom level. Topographic
floodplain mapping should be used with caution in the following regions: 1) areas where the
flood frequency is equal to or close to 100%; 2) areas distant from the Amazon River channel;
and 3) floodplain areas where the water level is very different from the river level, such as in
the low-period, when the water is blocked along the floodplain. Regarding the estimated high-
and low-water depth maps, we observed that the upstream to downstream trend in depths of
seasonally flooded areas agreeing with the findings of other studies. The variation of the
storage volume on the open-water floodplain is large (104.3 km®) and varies on average each
year from 11.9 km?® in low-water to 116.2 km? in the high-water period.

It should be noted that the SRTM3 DEM and MERIT DEM are topographic models
that do not represent topography in water bodies, and correcting this error is often not possible
because of the absence of bathymetric surveying. The approach presented here allowed the
topography estimation of these areas, i.e. temporarily flooded areas, without the need for
bathymetric surveying, but using water level data, and state-of-the-art of water cover mapping
(GSW database). In this way, the approach opens unprecedented opportunities for better
topographic representation in open water areas in any region of the globe, with the possibility
to use new altimetry data (such as ICESat-2 and SWOT) and imagery (such as Sentinel data).
Also, the flood frequency mapping can be performed using radar images that reduce the
systematic positive bias of vegetation due to the ability to penetrate the canopy (such as L-
band), allowing the estimation of bare-earth topography in seasonally flooded areas.

Furthermore, sediment deposition and erosion promote dynamic changes in surface

34



627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

morphology in the fluvial channel and the floodplain. This evolution has been assessed using
satellite images, but changes in the surface height are not usually estimated. Our method can
be applied for different periods, for example, every 5 years, allowing the assessment of
geomorphologic changes in a dynamic environment and quantification of the depositional and
erosional history.

The datasets we developed can be used for different applications in hydrology,
geomorphology, and ecology studies. Our analysis can help to assess the areas occupied by
species that are limited by the water depth, such as aquatic macrophytes. Depth mapping in
open water areas can also help map these species and estimate the carbon balance and primary
productivity. Besides, topographic maps can provide insight into the floodplain
geomorphology, the complex network of channels and the direction of channeled flows.
Finally, it is expected that the elaborated database can be used in hydrodynamic simulations
of the region, helping to understand water flows, inundated area patterns, and the water

volume stored in the Amazon river-floodplain system.
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