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Abstract: The dynamics of suspended sediment production and transport in large rivers are essential geomorphological
processes that can influence biodiversity. The aim of this work was to analyze the spatio-temporal variation of suspended
sediment transport in the lower Negro River using Sentinel-2 images. The suspended sediment concentration (SSC) was
estimated from the reflectance of band 4 of the MSI sensor onboard the Sentinel-2A and Sentinel-2B. The results indicate that
the hydrological regime controls the temporal variability of SSC, being higher in the low water period and lower during
flooding, with a mean concentration of 5.28 mg L for the period 2015-2019. Analysis of the spatial variation of SSC in
Sentinel-2 images indicated a zone of active sediment deposition located downstream of the islands of the Anavilhanas
Archipelago. Geology, forest cover, and hydrological variability are the main factors controlling the low sediment yield of the
basin, with an estimated suspended solid flux of 5.76x10° ton-year and a specific yield of 8 ton-km2-year. Despite the lower
quantity of images between February and April, due to high cloud cover, this study showed that Sentinel-2 images could be
used to monitor the temporal and spatial dynamics of suspended sediment transport in Amazonian blackwater rivers.

Keywords: Suspended sediment concentration; Guiana Shield; Remote sensing.

Resumo: A dinamica de produgdo e transporte de sedimento suspenso em grandes rios é um importante indicador de
processos geomorfologicos que influencia a biodiversidade. O objetivo deste artigo foi analisar a varia¢do espago-temporal do
sedimento suspenso no baixo Rio Negro utilizando imagens Sentinel-2. A concentragao de sedimento suspenso (CSS) foi
estimada a partir da banda 4 do Sentinel-2A e Sentinel-2B. A variabilidade temporal da CSS é controlada pelo regime
hidrolégico, maior no periodo de dguas baixas e menor durante a inundagao, com concentracao média de 5,28 mg L para o
periodo 2015-2019. Analise da variagao espacial da CSS nas imagens Sentinel-2 indicaram uma zona de deposicao ativa de
sedimento situada a jusante das ilhas do Arquipélago de Anavilhanas. A geologia, a cobertura florestal e a variabilidade
hidrolégica sao os principais fatores que controlam a baixa produgao de sedimento da bacia, com um fluxo sélido suspenso
estimado em 5,76x10¢ ton-ano™ e produgao especifica de 8 ton-km=2-ano!. Apesar da menor quantidade de imagens entre os
meses de Fevereiro e Abril, devido a elevada cobertura de nuvens, este estudo mostrou que imagens Sentinel-2 podem ser
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utilizadas para monitorar a dindmica temporal e espacial do transporte de sedimento suspenso em rios amazonicos com
aguas pretas.

Palavras-chave: Concentra¢ao de sedimento suspenso; Escudo das Guianas; Sensoriamento remoto.

1. Introduction

The transformation of the landscape and maintenance of the climate at different scales are strongly related to
the action of surface water resources. Large rivers are considered the primary agents of transfer of erosion
products to the oceans through sediment transport (GUPTA, 2007; MILLIMAN and FARNSWORTH, 2011).
Therefore, monitoring the variability of sediment flux in different river systems contributes to the understanding
of landscape formation, quantifying biogeochemical processes, and evaluating impacts of environmental changes
of natural or anthropic origin (CHARLTON, 2007; FILIZOLA et al., 2011; TUCCI, 2012).

Among the ten largest rivers in the world in terms of water volume, four are located in the Amazon Basin
(LATRUBESSE, 2008). The Negro River is the principal tributary of the left margin of the Amazon River. With an
average annual water discharge of 28,400 m3-s, this large river presents a complex multi-channel system, and its
drainage basin has one of the lowest erosion rates in the Amazon (FILIZOLA and GUYOT, 2011; WITTMANN et
al., 2011). However, the National Hydrometeorological Network does not carry systematic and regular
measurements of sediment transport along more than 600 km of its lower course, mainly because of the presence
of large river archipelagos and the low suspended sediment load (FILIZOLA and GUYOT, 2009).

The current environmental scenario in the Amazon presents challenges related to the conservation and
management of natural resources; thus, integrating consolidated field techniques with the use of remote sensing
data enables a better understanding of processes and factors related to the transport of suspended sediment by
rivers in the region. However, estimating water quality in function of remote sensing reflectance data is still a
major research challenge, considering the complexity of the optical properties of different river systems
(MARTINEZ et al., 2015).

The Negro basin extends over part of Brazil, Colombia, Guyana, and Venezuela, with its upper part located
on the Guiana Shield. This shield is composed of crystalline rocks of the Precambrian, with low and eroded relief
(FILIZOLA and GUYOT, 2009). The tributaries of the Amazon River that drain the Guiana Shield present a low
suspended load, with estimated values of 0.4 ton-ano™! in the Jari River, 03 ton-ano™ in the Trombetas River, and 08
ton-ano in the Negro River (FILIZOLA, 1999). The Caura River, one of the principal tributaries of the Orinoco
River that drains the Guiana Shield, also has black waters and a low concentration of suspended sediment (MORA
et al., 2014).

The Negro River basin has the lowest density of sedimentometric stations among the large rivers of the
Amazon basin (MARINHO; FILIZOLA; CREMON, 2020). The closest station to its mouth with regular
measurements of suspended sediment concentration, called Serrinha (Code 14420000), is located about 600 km
upstream from Manaus. Thus, the main estimates of the suspended sediment flux of the Negro River were made
based on the contributions of stations located within the basin, hundreds of kilometers from the mouth. Thus,
there is an absence of data from the Brazilian network of sedimentometric stations in this basin, which does not
allow for the precise quantification of the suspended sediment discharge contributed by the Negro River to the
Amazon River.

The launch of the Landsat-8 satellite and the Sentinel-2 satellite constellation has opened up new possibilities
for the use of orbital data for terrestrial monitoring (LI and ROY, 2017). In particular, the Sentinel-2 constellation
(Sentinel-2A and Sentinel-2B satellites) enables, since 2017, the acquisition of images with five-day review time,
meaning an increased possibility of cloud-free images with higher spatial resolution than that of the images of the
MODIS sensors (Terra and Aqua satellites) and the OLCI (Sentinel-3A and Sentinel-3B satellites), commonly used
for the study of watercolor in coastal and ocean environments.

In this context, the aim of this work was to analyze the spatial-temporal variation of suspended sediment
concentration in the lower Negro River using images from the Sentinel-2 satellite constellation. Thus, based on a
dataset obtained between 2015 and 2019, this study presented seasonal estimates of the concentration and flux of
suspended sediment in the Negro River near its mouth.
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2. Study Area

The study was developed in the Tatu-Paricatuba hydrometric section (Latitude -3.081; Longitude -60.233),
situated 17 km upstream of Manaus city and 45 km from the confluence of Negro and Solimdes rivers (Figure 1).
The drainage area of the Negro River in this section is 712,000 km?2. The mean width of the section is 2450 m, and
the maximum depth of the talweg is above 60 m during the flood period (Figure 1c). The Negro River in this
section presents a slight vertical variation of suspended sediment transport as a function of depth (MARINHO;
FILIZOLA; CREMON, 2020), where the flow of sediment transported in suspension corresponds to 80% of the
total flow of the section (FILIZOLA, 2003).
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Figure 1. Location of the study area. (a) Amazon Basin; (b) Negro Basin and the Tatu-Paricatuba hydrometric
section (black polygon); (c) Cross-sectional profile of the Tatu-Paricatuba hydrometric station in July 2017.

According to Koppen's climatic classification, the region has a tropical climate without a dry season (type Af).
The average annual precipitation in the basin is of the order of 2000 mm. The average annual water discharge is
estimated at 28,400 m3-s' (MOLINIER et al., 1996) with a hydrological regime characterized by a rising period
between December and May, a flood peak in June-July, falling in August and September, and low water in
October and November. In general, the annual hydrological regime presents a normal behavior, with average
variability of the level, between flood peak and low water, of the order of 10 m in Manaus. It is noteworthy that
the variability of the height of the levels of the lower course of the Negro River is controlled by the hydraulic
backwater caused by the Amazon River, which extends for more than 300 km upstream of its mouth (MEADE et
al., 1991).

The Negro River drains ancient and tectonically stable terrains of the Guiana Shield, with a suspended
sediment production of less than 10 ton-km2year! (FILIZOLA and GUYOT, 2009). Approximately 50% of this
sediment production comes from the Branco River, the largest tributary of the basin and the main river of the state
of Roraima (SANDER et al., 2014). The water of the Negro River has a dark color due to the high concentration of
dissolved organic carbon, with an average of 8 mg L' (LEENHEER, 1980; RICHEY et al.,, 1990), and the low
concentration of suspended sediment, around 5 mg L-1 (FILIZOLA and GUYOT, 2011; MARINHO; FILIZOLA;
CREMON, 2020; MEADE et al., 1979).
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2. Materials and Methods

2.1. Estimation of suspended sediment concentration

The concentration of suspended sediment (SSC) transported by the Negro River was estimated based on
water samples collected between 2016 and 2019 in its lower course. A fixed area of the river section was used to
collect surface water samples in nine georeferenced points (Figure 2) proposed by Filizola et al. (2009). The
laboratory procedures to determine SSC followed the protocol of Hybam (2018), which consists of filtering water
samples in cellulose acetate membranes (porosity of 0.45 pm). After filtration, the filtered sample was heated for
two hours in an oven at 105 °C. The SSC was determined from the difference between the initial and final weights
of the filtered sample divided by the sample volume. Simultaneously with the collection of surface water samples,
remote sensing reflectance (Rrs) hyperspectral measurements were performed to adjust empirical models that
relate the SSC as a function of Rrs measured considering the spectral characteristics of the multi-spectral
instrument (MSI) sensor onboard the Sentinel-2A and Sentinel-2B satellites.

Suspended inorganic sediment has a higher scattering coefficient than that of organic particulates owing to
its higher refractive index (BUKATA, 2005; DOXARAN et al., 2002). In general, the higher the SSC, the more
significant the magnitude of the reflectance until a saturation plateau. As a trade-off between reflectance increase
and saturation phenomenon, measurements in the longer wavelengths of the visible-near-infrared part of
spectrum are the most suitable for sediment load estimation, mainly in the red (620-760 nm) and near-infrared
(760-1200 nm) bands. Thus, this study used the empirical model developed by Marinho et al. (2021) that estimates
the SSC of Negro River from the reflectance of the red band of the MSI sensor, as shown in Eq. (1).

SSC = 881,4 X B4 + 2,3 1)

where SSC is the suspended sediment concentration (in mg L-!), and B4 is the remote sensing reflectance (in sr') of
Negro River detected by Sentinel-2 MSI sensor in band 4 (Rrs at 665 nm). As highlighted earlier, the data used to
build this model were collected between 2016 and 2019 in the lower Negro River and region of the confluence with
Branco River, with SSC ranging from 0.44 to 22.64 mg L. The fit of this model showed R? of 0.86, mean square
error estimates of 2.20 mg L', and mean absolute error of 25% (MARINHO et al., 2021).

2.2. Sentinel-2 MSI images

A set of images from the MSI sensor onboard the Sentinel-2A and Sentinel-2B satellites, acquired between
2015 and 2019, were used to monitor SSC's temporal and spatial dynamics in the Tatu-Paricatuba gauge station of
the Negro River. The Sentinel-2 satellite constellation is a part of the Copernicus Earth observation program
coordinated by the European Commission and the European Space Agency. The Sentinel-2A and Sentinel-2B
satellites were launched in 2015 and 2017, respectively, and have as payload the MSI sensor, developed to monitor
the natural resources of the Earth's surface in high resolution. The band 4 MSI image used in this study has a
wavelength centered at 665 nm, with a bandwidth of 30 nm in the red spectral region and a spatial resolution of 10
m. The main spectral and spatial characteristics of the MSI sensor and the Sentinel-2 mission can be found in
Drusch et al. (2012).

The Sentinel-2 images used in this study were processed for atmospheric correction and sunglint reduction
(specular reflection of direct sunlight on the water surface) using the Glint Removal of Sentinel-2-like images
(GRS) algorithm developed by Harmel et al. (2018). As per these authors, the GRS algorithm performs both
atmospheric correction and sunglint removal of Sentinel-2 images with L1C processing level. Thus, after
atmospheric correction and sunglint removal, the band 4 water surface Rrs values of Negro River were extracted
for a set of 79 images from Sentinel-2A and Sentinel-2B satellites acquired between August 2015 and January 2019.

The extraction of Rrs values from Sentinel-2 images was performed using the Sentinel Application Platform
software (SNAP Desktop v. 7.0). In each Sentinel-2 image, after removing outliers, the average Rrs value of the set
of pixels over a 700 x 700 m area of the Negro River was extracted (Figure 2). Thus, the selected pixels' average Rrs
was considered representative of the reflectance on the given day of the satellite pass. On average, 1150 pixels per
image were analyzed, ranging from 450 to 1500 pixels. The criteria of Montanher et al. (2014) were used to avoid
pixels over shallow water areas, with background effects, riverbanks, islands or clouds, sandbanks, aerosol
plumes, and radiometric noise. To avoid some of these effects present in 19 images, the sampling of pixels was
performed slightly upstream of the section (yellow polygon in Figure 2).
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Figure 2. Example of pixel sampling in a Sentinel-2 image (false color composition). The pixel selection area is
represented by the white polygon. The location of the Tatu-Paricatura gauge station is indicated by the white dot.

2.3. Analysis

The seasonal and spatial variability of the SSC of the lower Negro River in the Tatu-Paricatuba gauge station
was analyzed for the period 2015-2019 from Sentinel-2 satellite data. The variability of suspended sediment
transport estimated by satellite was analyzed as a function of river regime and precipitation. For this, water level
and discharge data from hydrometric stations located in the Negro and Branco rivers (Table 1) and precipitation
data were used. The precipitation data used in this study are the monthly average values estimated for the Negro
River basin by the CHIRPS v.2 product, which has 0.05 degrees of spatial resolution and offers spatialized
estimates of precipitation at annual, monthly, and daily time intervals (CHIRPS, 2015). The use of this database is
recommended for regions with a low density of rainfall stations. Evaluation by Costa et al. (2019) indicates that
CHIRPS data are highly similar to rainfall station data.

Table 1. Conventional hydrometric stations analyzed. The location of these stations can be seen in Figure 1.

Code Name River
14790000 Santa Maria do Boiagu Branco
14990000 Manaus Negro

Analysis of hydrosediment dynamics was performed based on data of water discharge, flow direction, and
average flow velocity collected with an Acoustic Doppler Current Profiler (ADCP model Workhorse Rio Grande,
Teledyne RDI) operating at a frequency of 600 kHz (MARINHO, 2019). The instantaneous suspended sediment
discharge (Qs), the mean annual sediment discharge (Qsa), and the specific sediment yield (Qsp) of the Negro
River were obtained using the following Eq. (2), Eq. (3) and Eq. (4):

Qs =Q xSSC x0.0864 (2)
Qsa = Qs x 365 3)
Qsp = Qsa/Ab 4)

where, Q is the water discharge of the section (m?s); SSC is the suspended sediment concentration (mg L-);
0.0864 is a conversion factor used to transform the units into ton-day; Ab is the area of the Negro River basin
(712,000 km?).
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Relationships between SSC data estimated with Sentinel-2 and water level, water discharge, and
precipitation data were assessed using scatter plots, the coefficient of determination (R?), and Pearson's correlation
coefficient (r). The normality of the SSC data was assessed using the Shapiro-Wilk test. Statistical tests were
performed to evaluate the equality of means (t-test: HO: ul = p2) and variances (F-test: HO: ol = 02) of the
estimated SSC near the right and left banks of the Negro River downstream of Anavilhanas Archipelago. The
significance level adopted for the tests was 0.05 (& = 5%).

3. Results

3.1. Temporal variation of suspended sediment concentration

This study evaluated 79 Sentinel-2 images, and the mean SSC of the Negro River estimated for the period
2015-2019 was 5.28 mg L, ranging from 1.96 mg L to 15.11 mg L-'. During the rising and falling periods, the SSC
showed mean values of 5.53 mg L (n = 23) and 5.08 mg L (n = 27), respectively. Alternatively, during flood and
low water periods, the Negro River presented mean values of 3.47 mg L' (n = 19) and 8.70 mg L' (n = 10),
respectively. Figure 3 presents the time series of SSC estimated between August 2015 and January 2019.
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Figure 3. Time series of SSC from Sentinel-2 imagery (points) in the Tatu-Paricatura gauge station and the
variability of the Negro River water level at Manaus (line). The bars in the points indicate the error of the SSC
estimates.

The minimum and maximum values estimated in this dataset were observed in July and September 2018,
respectively (Figure 3). Despite the short time series, we observed that the mean SSC values in the rising and
falling are close (Table 2), but we noticed a greater amplitude and higher coefficient of variation of the data in the
falling water period of the Negro River. We emphasize that there are no hydrometric stations with SSC
measurement in the lower Negro River, a situation that makes it difficult to understand the temporal pattern of
this study area based on a more extensive dataset.

Table 2. Descriptive statistics of SSC (in mg L-!) estimated from Sentinel-2 data.

Rising Flood Falling Low
(Dec-May) (Jun-Jul) (Aug-Sep) (Oct-Nov)

Images analyzed 23 19 27 10
Minimum 2.46 1.96 217 4.63
Maximum 8.87 6.37 13.44 15.11
Amplitude 6.41 4.41 11.27 10.48
Average 5.53 3.47 5.08 8.70
Median 5.63 3.25 4.04 8.98
25th percentile 3.31 3.08 2.83 5.87
75th percentile 7.50 3.77 6.74 9.85
Standard deviation 1.99 0.99 2.88 2.96
Coefficient of variation 36.01 28.62 56.62 34.06
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Figure 4 presents the mean monthly variability of SSC obtained for this time series (2015-2019), where strong
coefficients of determination and negative correlations were observed with the mean monthly variability of
precipitation (Figure 4a with R?2=0.74 and r = -0.79) and river regime (Figure 4b with R? = 0.92 and r = -0.96). This
variability indicates lower SSC in the rainy months, when the Negro River is in the rising and high water period.
Contrastingly, when the precipitation period reduces, an increase of the mean monthly SSC was observed during
the low water period.

A lag of five months was detected between the maximum concentration of suspended sediment (November)
and the maximum level of the Negro River (June). As previously mentioned, the main tributary of water
discharge and suspended sediment in the lower Negro River is the Branco River. With its mouth located more
than 250 km from the study area, the Branco River has a different fluvial regime from the Negro River, with flood
peak occurring at the beginning of the second half of the year, four months before the maximum SSC, besides
having a flood pulse with a large amplitude of levels, in comparison to that of the Negro River at Manaus (Figure
4b). This lag can result from the joint action of the contributions coming from the Branco River and the influence of
the backwater effect of the Amazon River, which controls the variability in the height of the levels of the lower
Negro River.
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Figure 4. (a) Mean monthly variability of SSC (line) and precipitation (bar) and scatter plot; (b) Mean monthly
variability of SSC (line) and mean monthly normalized water level in relation to the annual mean of Negro River in
Manaus and Branco River (bars) and scatter plot between SSC and Negro River water level. Data period: 2015-2019.

Water level at Manaus (cm)

The dynamics identified with Sentinel-2 data indicate that in the Negro River, an increase in mean SSC occurs
at the end of the falling and during the low water period (September to December), which can be related to the
greater volume of water contributed by the Branco River (Figure 4b). During the falling and low water periods,
the precipitation in the region is lower (Figure 4a), and the Branco River starts to have a more significant influence
on the fluvial dynamics of the study area. It is noteworthy that the mean SSC between September and December
(8.03 mg L) is twice as high as the mean SSC observed between April and August (3.71 mg L-!). Thus, when the
Negro River is at falling, the Branco River is still at the high water, a period in which there is a more outstanding
contribution of suspended sediment in the study region.
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3.2. Spatial variation of suspended sediment concentration

The spatiotemporal distribution of SSC in Negro River near the Tatu-Paricatuba hydrometric section was
analyzed in images acquired in 2016, 2017, and 2018 in different hydrological periods (Figure 5, Figure 6, and
Figure 7). This hydrometric section is located downstream of the Anavilhanas Archipelago, a complex
multichannel reach of the Negro River. It presents a considerable reduction in the width of the Negro River
channel, ranging from 12 km downstream of the last islands of the archipelago to about 2 km in the Paricatuba
Strait.

In Figure 5, it is possible to verify the morphology of the Negro River channel in the Sentinel-2 images, with
its fluvial valley blocked (LATRUBESSE and FRANZINELLI, 2005) and extensive areas of free water with a width
greater than 10 km. This reach of Negro River presents a heterogeneous spatial and temporal distribution of
suspended sediment, mainly during low water periods, with higher SSC near the left bank of the channel and
decreased SSC towards the center of the channel.

During the Negro River flood, we noticed more uniformity in the spatial distribution of suspended sediment
in this extensive open water area (Figure 5). The spatial dynamics of SSC in Negro River detected in Sentinel-2
images show that suspended sediments can vary seasonally and spatially depending on local morphology and
sediment input from Branco River and according to the hydrological period.

In the Paricatuba Strait, due to the abrupt reduction of the channel width (funnel effect), the mean flow
direction of the Negro River is 96° from North clockwise, which can contribute to the maintenance of suspended
sediment in the areas near the left margin. The mean annual velocity of the river flow in this section is 0.4 m-s-,
with an annual variation of 0.3 to 0.5 m-s?! in the rising and falling water periods, respectively. Owing to the
hydraulic control of the Amazon River over the Negro River, the highest velocities are observed in the transition
period from rising to falling (between June and September) but about three times lower than that of the Amazon
River.

The statistical analysis results indicate that the mean and variance of SSC between the left and right banks are
distinct (Figure 6a). In general, the mean SSC observed in the right bank channel (4.05 mg L, n = 66) was 30%
lower than the mean SSC in the left bank channel (5.75 mg L1, n = 61). The normality test indicates that the data set
presents normal distribution (HO: the data has a population with normal distribution). In Figure 6b, we can
observe the SSC variation along a cross-section of the Negro River between the high and low water periods of
2018.
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Figure 6. (a) Cross-sectional profile of the SSC over the Negro River estimated using Sentinel-2 images of the high
(June 10) and low (October 3) water periods of 2018. (b) Box plot of estimated SSC for the left bank (LB) and right
bank (RB) of the Negro River downstream of the Anavilhanas Archipelago. (c) Image with location of LB and RB
sections (points) and cross-sectional profile (line).

An example of the combined use of the Sentinel-2A and Sentinel-2B satellites is presented in Figure 7a where
we can readily see the spatial and temporal dynamics of suspended sediment in the Paricatuba Strait over 35 days
of the Negro River falling water period between July and August 2017. From July 25th to August 4th of 2017,
during the transition from high to falling, the suspended sediment presented a higher concentration in the region
between the end of Anavilhanas Island and the left bank, while from the second half of August 2017, there was a
gradual increase of SSC towards the central region of the channel.
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Figure 7. (a) Spatial variation of the SSC of Negro River upstream of Manaus between July 25 and August 29, 2017.
(b) Negro River water level (line) and mean SSC (points) of the channel center at the Tatu-Paricatuba hydrometric

station between July 20 and September 3, 2017.

In these 35 days of period of falling water levels in the Negro River, the data presented in Figure 7b, derived
from the Sentinel-2A and Sentinel-2B satellites, show that the increase in SSC did not occur steadily, but in
biweekly pulses, with estimated values of 3.44 mg L on July 25 and 4.63 mg L' on August 14 and reaching 5.44

mg L1 on August 29, 2017.

3.3. The suspended sediment production of the Negro River basin

The monthly variability of the suspended sediment discharge of the Negro River at Manaus, based on the
SSC data derived from Sentinel-2, is presented in Figure 8. The estimated monthly mean of sediment discharge
varied from 10,571 ton-day for April to 20,771 ton-day! for September. Thus, despite the short dataset analyzed
in this study (2015-2019), it was observed that sediment fluxes calculated at the Manaus location exhibited a
maximum values two months after the water discharge peak.

Revista Brasileira de Geomorfologia. 2022, v.23, n. 1; (Jan-Mar) DOI: 10.20502/rbg.v23i1.2076

http://www Isie.unb.br/rbg/



Revista Brasileira de Geomorfologia, v.23, n. 1, 2022 1185

30,000 60,000
25,000 50,000
> 20,000 40,000 =
o
£ 15,000 30,000 g
=] =
= 10,000 20,000 O

5,000 10,000

0 0

Figure 8. Mean monthly suspended sediment discharge (Qs) and water discharge (Q) regime of the Negro River at
Manaus estimated based on mean SSC derived from Sentinel-2 imagery (2015-2019). Vertical lines indicate the
standard deviation.

The mean annual water discharge for the analyzed period was 34,573 m? s, and considering the mean SSC of
5.28 mg L1, a mean annual sediment discharge of the Negro River of 5.76x10¢ ton-year™ is estimated, with specific
sediment yield (Qsp) in this basin of 8.09 ton-km-2-year-.

4. Discussion

The mean SSC of the lower Negro River estimated with Sentinel-2 images was 40% higher than that observed
between 2016-2019 by Marinho, Filizola and Cremon (2020) but close to the values presented in the studies of
Meade et al. (1979), Filizola (2003), Moreira-Turcq et al. (2003), and Fassoni-Andrade and Paiva (2019). The results
of this study suggest that there might be an inverse relationship between the mean SSC of the Negro River and the
precipitation and water level data (Figure 4). Pearson's coefficient showed a negative linear relationship between
monthly mean SSC and the river and rainfall regimes, a different dynamic than expected for river systems.
However, Marinho, Filizola and Cremon (2020) also observed a negative linear relationship between SSC and the
water level of the Negro River in the central region of the Anavilhanas Archipelago.

The suspended sediment transport regime of the Negro River, with a higher concentration in the low water
period, is different from the white waters of the other Amazonian rivers, where the maximum suspended load is
observed near the flood peak. The Madeira River near its mouth, for example, shows higher SSC one or two
months before the flood peak (ESPINOZA-VILLAR et al,, 2013). The Purus River near its mouth presents an
average SSC of 49 mg L' and has peak of SSC in January (of the order of 300 mg L); four months before the
maximum water discharge (SANTOS et al., 2018). Marinho (2019) analyzed the temporal dynamics of SSC with
MODIS sensor data over the lower Negro River over the period 2006-2017 and identified the same pattern
observed in the Sentinel-2 data of this study, with the peak of Qs occurring after the peak of Q.

This lag observed between the peak of SSC and peak of flood peak of the Negro River can be understood as a
result of the hydraulic control caused by the Amazon River in the region (MEADE et al., 1991) in conjunction with
the flood peak of the Branco River at the beginning of the second semester, period of the more outstanding
contribution of suspended sediment in the study area (Figure 4b). Between December and March, the Branco
River is in the low water period and presents clear waters (CAMPOS, 2011), without much contribution of
suspended sediment to the Negro River.

Despite being located in an area of humid tropical climate, the Guiana Shield presents characteristics that do
not favor the production of sediments. Of Precambrian age, this shield is composed mainly of crystalline rocks
and has little tectonic activity, low to moderate elevation, and sandy soils with a low erosion rate (FILIZOLA and
GUYOT, 2009; LATRUBESSE and FRANZINELLI, 2005; LATRUBESSE; STEVAUX; SINHA, 2005). In the Negro
River basin, dense forest cover is predominant with a significant part of well-preserved areas due to the low
population density, little access by roads, and dangerous navigation (reaches with waterfalls), factors that
contribute to low sediment production. The Branco River basin, alternatively, whose drainage area occupies
Revista Brasileira de Geomorfologia. 2022, v.23, n. 1; (Jan-Mar) DOI: 10.20502/rbg.v23i1.2076 http://www lsie.unb.br/rbg/



Revista Brasileira de Geomorfologia, v.23, n. 1, 2022 1186

one-third of the Negro basin, has greater erosion processes due to road accesses and larger deforested areas, in
addition to vast areas of less dense forest cover (savannah) in the western region of the basin (CAMPOS, 2011) and
a different fluvial regime to that of the Negro River.

Figure 9a shows that there can be a counterclockwise hysteresis of the SSC = .QP relationship, in which an
inverse exponential relationship can be observed. This peculiar behavior of suspended discharge reduction with
increasing water discharge shows a complex system, with a low magnitude in the CSS variation in a large
multichannel river with archipelagos, under the influence of the backwater effect of the Amazon River and
suspended sediment from the Branco River. However, Marinho, Filizola and Cremon (2020), when analyzing data
from 2017 and 2019 (n=13), did not observe a clear trend in the SSC = QP relationship in Negro River upstream of
Anavilhanas. Sander et al. (2015) indicate that the SSC data present high dispersion when related to the water
discharge of the Branco River in its middle and upper course, also not showing a clear relationship.
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Figure 9. (a) Relation between suspended sediment concentration (S5C) and monthly average water discharge (Q)
for Negro River. (b) Relation between suspended sediment discharge (Qs) and monthly average precipitation for
Negro River.

Armijos et al. (2020) observed that the discharge of fine suspended sediment (clay and silt) in several
Amazonian rivers is controlled by the precipitation regime, while the discharge of coarse sediment (sand) is more
related to the variability of the water discharge itself. The suspended sediment transported by the Negro River is
composed mainly of particles with a medium silt size, with D50 of 0.25 pum (MARINHO; FILIZOLA; CREMON,
2020), and interestingly, an inverse exponential relationship was observed between SSC and mean monthly
precipitation (Figure 4a), but without a clear relationship between Qs and Negro River precipitation, due to the
observed hysteresis loop (Figure 9b).

The rise of SSC of the Negro River during the low water period is similar to that observed in lakes connected
to the Solimdes-Amazonas River plain (BARBOSA et al., 2010; FASSONI-ANDRADE and PAIVA, 2019). For
example, Fassoni-Andrade and Paiva (2019) analyzed a set of lakes of the Solimbes-Amazonas River plain and
detected increased reflectance of the red and near-infrared bands of the MODIS sensor with the reduction of the
water level between July and November corresponding to the high and low water periods, respectively. However,
some local factors may hinder SSC estimation in these fluvial systems, such as high chlorophyll-a concentration
(NOVO et al, 2006) and the background signal in shallow waters (<2 m). With average chlorophyll-a
concentration of around 1 pg L, the Negro River presents a low phytoplankton primary production due to the
high concentration of dissolved organic carbon (SCOFIELD et al., 2016).

The temporal variability of the SSC of the Negro River identified in the present study presented the same
pattern as that of the Coari and Manacapuru lakes, connected to the Solimdes River, evaluated in the study by
Fassoni-Andrade and Paiva (2019) with the red band of the MODIS sensor. In these lakes, black waters
predominate due to high dissolved organic matter load and low SSC, but the reflectance intensity detected by the
MODIS sensor was up to five times higher than that observed by the MSI/Sentinel-2 sensor in the Negro River.
These differences may be the results of the methodology used in the atmospheric correction, lack of sunglint
correction, and the period of data considered in each study.

The spatial variation of SSC observed in Figure 5, Figure 6, and Figure 7, with higher values at the left margin
of the Negro River, is related to the preferential pathway that the suspended sediment has along the left margin
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channel of the Anavilhanas Archipelago (MARINHO; FILIZOLA; CREMON, 2020; MARINHO et al., 2021). Thus,
factors such as the Branco River with its mouth on the left bank of the Negro River and the structural control on
the right bank of the lower Negro River (FRANZINELLI and IGREJA, 2002) contribute to the spatial dynamics of
suspended load observed in this region, which in turn causes differences in soil fertility and vegetation type of the
islands of Anavilhanas located near the left bank (JUNK et al., 2015; SCABIN; COSTA; SCHONGART, 2012).

The broader reaches of the Negro River downstream of Anavilhanas Archipelago was denominated by
Latrubesse and Franzinelli (2005) as a dead water area with a possible low hydrosedimentary dynamics in this
region. It was observed in Figure 5 that in the dead water area (between the Sacada and Anavilhanas islands),
there is a predominance of higher SSC in the image acquired in October 2016, which may indicate a deposition
zone of sediment from the Branco River and, owing to its higher concentration concerning the surrounding area, a
possible biodiversity hotspot in Anavilhanas. Although the Negro River basin presents the smallest number of
hydropower dam in operation in the Amazon, the construction project of the Bem Querer hydropower dam on the
Branco River, in Caracarai city, may result in large ecological impacts to the lower Negro River, mainly owing to
the reduction of sediment input and regulation of the hydrological regime (ASSAHIRA et al., 2017; FORSBERG et
al., 2017, LATRUBESSE et al., 2017).

Despite the limitations related to the dataset and the temporal interval analyzed, it was observed that the
sediment discharge regime (Qs) of the Negro River with a maximum in the second semester is opposite to the
regime of Qs of the Solimdes River at the hydrometric station of Manacapuru (located 109 km upstream of the
confluence with the Negro River), of the Amazon River at Obidos, and of the Madeira River near its mouth, in
which the peak of suspended sediment transport occurs typically in the first semester of the year (FILIZOLA and
GUYOT, 2009). The sediment production of the basin, of the order of 8 ton-km?2-year' can be considered the
smallest in comparison to the that of great tropical rivers of the world (LATRUBESSE; STEVAUX; SINHA, 2005).

Near the mouth of the Negro River, we estimated an average annual sediment flux of 5.76 million tons per
year transported to the Amazon River, a value 25% lower than that presented by Filizola and Guyot (2009) and
which represents 1% of the average annual flux of the Amazon River at Obidos. The sediment production of the
Negro River basin, less than 10 ton-km?-year-, is very low compared to the high precipitation rate of the basin
(>2000 mm-year'). Because it drains ancient lands of the Guiana Shield (LATRUBESSE and FRANZINELLI, 2005),
this precipitation does not favor the production of suspended sediment. Thus, the low production of sediment in
the basin reflects its geological and geomorphological configuration and the result of retention processes of more
than 50% of the suspended sediment concerning that which arrives at the Anavilhanas Archipelago (MARINHO;
FILIZOLA; CREMON, 2020).

5. Conclusions

This study used Sentinel-2 satellite data to evaluate the suspended sediment transport of the Negro River
near its mouth and sediment production in the basin. It was demonstrated that band 4 images from the
MSI/Sentinel-2 sensor could be used both to monitor SSC and to study the fluvial geomorphology of the Negro
River. The mean SSC estimated was 5.28 mg L, varying according to the hydrological period from 3.47 mg L-!
during the rising to 8.70 mg L' during the low water period.

A lag of four months between the peak of water discharge (July) and the peak SSC (November) was detected,
different from the pattern of other rivers in the Amazon with white and clear-waters, where the peak of
suspended load precedes the flood peak. A strong relationship was observed between the mean monthly
variability of SSC and the fluvial regime, with a tendency of increasing suspended load with the reduction of the
Negro River water level, which can be related as a response to the joint influence of the Amazon River backwater
effect and the hydrosedimentary regime of the Branco River, in lag with the Negro River regime.

Image analysis indicated that part of the suspended sediment from the Branco River, the main tributary of
the basin, is retained downstream of the islands of the Anavilhanas Archipelago, suggesting an area of active
deposition, which is a different behavior from the idea of a dead water zone as suggested in previous studies. The
hydrosedimentary dynamics of the Negro River described in this work suggests that the Guiana Shield provides a
suspended sediment flux of the order of 6 million tons per year, an imperceptible contribution concerning the total
sediment discharge of the Amazon River near its mouth. The geology and dense forest cover are the main factors
contributing to the basin's low sediment production.
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Despite the low reflected energy from the Negro River, images from the MSI sensor onboard the Sentinel-2A
and Sentinel-2B satellites are sensitive to the low SSC that occurs near Manaus. The Sentinel-2 revisit time of five
days limits the use of images in this study area between February and April due to the high cloud cover in the
region.

The data presented in this study, together with new acquisitions of the Sentinel-2 constellation, can serve as a
reference in future research on the impacts of climate and anthropic activities in the basin on the hydrosediment
dynamics downstream Anavilhanas Archipelago. The issue of deforestation and the shift in suspended sediment
input from the Branco River as a result of its dam for the Bem Querer Hydroelectric dam stand out in this regard.
Finally, we emphasize that the lag observed between the peak SSC and the peak water discharge should be better
studied in the future, especially with data observed in situ, which would allow progress in understanding this
peculiar hydrosystem.
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