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Abstract

Water quality and the useful life of reservoirs and dams are influenced by the entry of suspended solids, in addition to reducing their
transparency and storage capacity. It is primary to monitor and analyses its space-time dynamics. Thus, the objective of this work is
to characterize the dynamics of the Itaipu Reservoir waters from turbidity, rainfall and spectral reflectance data. To characterize the
dynamics, the reservoir was divided into 18 aquatic compartments between upstream and downstream, using precipitation data from
the TRMM sensor and Landsat 8 images in different precipitation situations. NDWI, MNDWI and NDTI water spectral indexes were
calculated from Landsat 8 images. The results showed high correlation between the NDTI index and the turbidity (R? = 0.91). Then the
NDTI images were reclassified into low, medium and high turbidity. A strong correlation between turbidity and 4 Band corresponding
to the spectral range of red (R? = 0.94) was also obtained. The precipitation has a determinant influence, being the Parana River, in the
periods of greater precipitation, the main agent in sediment transport. The space-time dynamics showed that the lateral compartments
of the reservoir have less influence on sediment transport. In this sense, our analysis brought new elements to understand the turbidity
variation in these Itaipu Reservoir compartments, as well as the spectral reflectance dynamics in the space-time characterization related
to turbidity.

Keywords: Suspended solids; NDTI; Landsat-8/OLI

Resumo

A qualidade das aguas e a vida 1til de reservatdrios e barragens sao influenciados pela entrada de sélidos suspensos, além de diminuir
a sua transparéncia e capacidade de armazenamento. O monitoramento e analise de sua dinamica espago-temporal ¢ primordial. Assim,
o objetivo desse trabalho ¢ caracterizar a dindmica a partir de dados de turbidez, da precipitagdo pluviométrica e da reflectdncia
espectral das aguas do reservatorio Itaipu. Para caracterizar a dindmica, o reservatorio foi dividido em 18 compartimentos aquaticos
entre a montante e jusante, e utilizou-se dados de precipitagdo do sensor TRMM e imagens Landsat 8 em diferentes situagdes de
precipitagdo. A partir das imagens Landsat 8 foram calculados indices espectrais de agua NDWI, MNDWI e NDTI. Os resultados
mostraram alta correlacdo entre o indice NDTI e a turbidez (R? = 0,91). Entdo as imagens de NDTI foram reclassificadas em baixa,
média e alta turbidez. Também foi obtido forte correlagdo entre a turbidez e a Banda 4, correspondente a faixa espectral do vermelho
(R?=0,94). A precipitagdo possui influéncia determinante, sendo o rio Parand, nos periodos de maior precipitagdo, o principal agente
no transporte de sedimentos. A dindmica espago-temporal mostrou que os compartimentos laterais do reservatério possuem menor
influéncia no transporte de sedimento. Nesse sentido, nossa analise trouxe novos elementos para entender a variagdo da turbidez
nesses compartimentos do reservatorio de Itaipu, e entender a dindmica da reflectancia espectral na caracterizagdo espago-temporal
relacionada a turbidez.

Palavras-chave: Solidos suspensos; NDTI; OLI/ Landsat-8

Anudrio do Instituto de Geociéncias, 2021, v. 44, 41228 DOI: https://doi.org/10.11137/1982-3908_2021_44_41228 1


https://orcid.org/0000-0002-6731-9724
https://orcid.org/0000-0001-8300-846X
https://orcid.org/0000-0003-3800-6902
https://orcid.org/0000-0001-7426-4584
https://orcid.org/0000-0001-5037-4404

Spectral Reflectance in the Spatial-temporal Dynamic of Turbidity, Itaipu Reservoir, Brazil

1 Introduction

Large reservoirs and dams are influenced by leaching,
silting, surface runoff, soil erosion, waste discharge and
runoff phenomena, which lead to the entry of suspended
solids. These optically active components affect the quality
of reservoir water and its useful life, since they decrease both
transparency and storage capacity of water bodies (Chalov
etal. 2015; Davranche, Lefebvre & Poulin 2010; Ma et al.
2007; Somvanshi et al. 2011; Trinh et al. 2018). Reservoirs
play an important role in the control and management of
water resources, hydropower generation, water supply,
agricultural irrigation and recreation (Haibo et al. 2011;
Luetal. 2011; Wang et al. 2018).

Turbidity is an important limnological variable that
makes it possible to quantify both the reduction of water
transparency and the interference in the passage of light
in reservoirs. In summary, the higher the total amount
of suspended solids, the higher the turbidity, as cited by
Somvanshi et al. (2011), for example. In many cases, the
continuous monitoring of reservoirs is not feasible, given
their location in remote or inaccessible regions (Alsdorf,
Rodriguez & Lettenmaier 2007; Barbosa, Novo & Martins
2019; Wang et al. 2004; Zhang & Liu 2014).

Given the difficulties of monitoring large reservoirs
and the limitations of conventional methods, remote sensing
technology is an alternative with the potential to provide
crucial information in space-time monitoring on water
bodies in which in-situ networks are not available (Alsdorf,
Rodriguez & Lettenmaier 2007; Barbosa, Novo & Martins
2019; Haibo et al. 2011; Zhang & Liu 2014).

The analysis of turbidity in reservoir monitoring from
remote sensing tools is very promising. The relationships
between turbidity and semianalytical models are highlighted
(Abe et al. 2019; Potes, Costa & Salgado 2012; Zhang et
al. 2016). By using turbidity estimation models, Garg,
Aggarwal & Chauhan (2020) report the sensitivity of
both red and near infrared (NIR) bands of the Sentinel-2.
Chelotti et al. (2019), by generating an estimation model
of suspended solids for a low concentration reservoir, and
studying its relations with the rainfall regime, from images
Landsat 8, highlighted that the spectral range of red allowed
the analysis of the spatial behavior of the water body. Allam,
Khan & Meng (2020) developed a regional algorithm to
recover surface turbidity with Landsat 8 surface reflectance
(L8SR) images, reporting the importance of applying this
model in environments of comparable morphological
characteristics.

Studies with a space-time approach, such as Pinto
etal. (2014), which analyzed 12 years of (Earth and Aqua)
MODIS images, pointed out a strong relationship between
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solids and spectral reflectance, by using turbidity attribute
and MODIS NIR/Red sensor bands data, Robert et al.
(2016), considering the spectral range of red (Lobo, Costa
& Novo 2015; Martins et al. 2019; Quang et al. 2017; Yanti,
Susilo & Wicaksono 2016).

Important results have also been obtained with
Normalized Difference Turbidity Index (NDTI) (Baughman
etal. 2015; Bid & Siddique 2019), Normalized Difference
Water Index (NDWI) (Ouni et al. 2019; Saberioon et al.
2020; Wang, Gong & Pu 2018) and Modified Normalized
Difference Water Index (MNDWI) (Faye et al. 2020; Maliki
et al. 2020; Mi et al. 2019) spectral reflectance indices.

Brazil is the country with the highest availability
of fresh water in the world. Most of this water is stored in
approximately 19,000 artificial reservoirs whose volume
varies in time and space due to both climatic and economic
factors, such as energy production and irrigation demands
(Barbosa, Novo & Martins 2019). The large extension of
Itaipu reservoir, with a flooded area of 1,350 km? Itaipu
(2020), deserves attention regarding its monitoring, allowing
to explore methodologies with remote sensing techniques.
The dynamics of the Itaipu Reservoir have a strong seasonal
influence of rainfall (Grimm 1988), which constitutes a
significant factor in the fluctuations of the limnological
variables of transparency (Toniolo et al. 2019), suspended
solids (Silva et al. 2019) and turbidity (Ribeiro Filho 2006;
Ribeiro Filho 2008; Ribeiro Filho et al. 2011).

In this context, our goal is to characterize the spatial-
temporal dynamic from the relationship between turbidity,
rainfall and spectral reflectance data for the Itaipu Reservoir
waters.

Our work brings new elements to understand
the variation of turbidity in the Itaipu Reservoir and to
understand the dynamics of spectral reflectance in spatial-
temporal characterization. The products generated are an
alternative for monitoring other reservoirs.

2 Area of Study and Methodology
2.1 Area of Study

Itaipu Hydroelectric Power Plant reservoir is
located on the Parana River, on the border between Brazil
and Paraguay, and it extends itself from Foz do Iguagu/
Ciudad del Este cities to the city of Guaira, in the north
(Agostinho et al. 1999) (Figure 1). The reservoir is part
of the Parana basin 3. The main tributaries of the Parana
River in Brazilian territory are the Sdo Francisco River,
with source in Cascavel, the Guagu River, which rises in the
Toledo city, the Sao Francisco Falso River, in Céu Azul city,
and the Ocoi River, in Matelandia city (Secretaria de Estado
do Meio Ambiente e Recursos Hidricos do Parana 2013).
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Figure 1 Location map of Itaipu Reservoir Power Plant Reservoir stud
flood plain.

In 2016 Itaipu Binacional was the first hydroelectric
plant in the world to exceed the annual generation of 100
million megawatt-hours (MWh), the plant surpassed the
2014 record of 98.8 million MWh set by the Chinese
company Trés Gargantas and recovered the world’s first
place in annual production of clean and renewable energy.
Itaipu is also the largest hydroelectric plant in the world in
accumulated production. Since it started operating in May
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1984, more than 2.4 billion MWh have been generated
(Itaipu 2020).

In Itaipu Reservoir upstream area there is an
extensive flood plain of the Upper Parana River (Galvao,
Stevaux & Saad 2014; Stevaux, Martins & Meurer 2009),
with around 230 km long and variable width between 3
km and 8 km. This area is limited between the Engenheiro
Sérgio Mota Hydroelectric Power Plant downstream and
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the beginning of the backwater of Itaipu Hydroelectric
Power Plant reservoir. The flood plain has hygrophilous
vegetation with high humidity characteristics as its main
modelling agent (Couto, Hayakawa & Souza-Filho 2010).

The predominant climate in the region is classified
as Cfa, subtropical humid, which is mesothermal, with
annual precipitation average between 1,600 mm and 1,700
mm. There is a higher concentration of rainfall during the
summer months, without a defined dry season. The average
temperatures of the hottest months are above 22°C and the
coldest months are below 18°C (Instituto Agrondémico do
Parana 2020; Souza Filho & Fragal 2013).

The main use of the land is agriculture in the basin
arca. The predominant type of soil is the Latosol that
corresponds to soils in advanced stages of weathering,
typical of both equatorial and tropical regions, also occurring
in subtropical zones. The latosols are mainly distributed by
large and old erosion surfaces or river terraces, usually in
flat and smooth wavy relief (Rocha & Bade 2018).

Facco et al.

2.2 Methodological Flowchart

The methodology used to understand the spatial-
temporal variation of turbidity is presented in the
methodological flowchart (Figure 2).

2.3 Reservoir Compartmentalization

Due to its large extension, the Itaipu Reservoir
presents different dynamics from downstream to upstream,
as well as in the compartments of its horizontal arms. Thus,
the compartmentation of the reservoir is fundamental to
establish areas with similar environmental conditions. A
reservoir may have several aquatic compartments with one
or more common characteristics, but they communicate
with each other in the transportation of energy and matter,
directing changes in time and space (Wachholz 2011).

The criteria for the reservoir compartmentalization
followed Wachholz, Pereira Filho & Sartor (2011)
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Figure 2 Methodological flowchart
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methodology, considering three aspects: (1) the
characteristics of the reservoir and its hydrographic basins;
(2) the hydrodynamic order of the reservoirs, regarding
upstream, intermediate and downstream stations formation;
(3) the formation of sequence or non-sequence of reservoirs.
It was determined a 100-m zone (measured from the bank)
around the reservoir to avoid spectral mixing with other
targets than the water.

2.4 TRMM Precipitation Data

One of the main problems in the data collection
on rainfall is the lack of pluviometric stations, causing
the absence of data, which makes it impossible to use
historical series (Moraes et al. 2015; Oliveira Junior et al.
2014). Satellite data have been used in climatological and
hydrological studies, being an alternative to overcome the
failing of local rainfall stations (Adams, Souza & Costa
2009; Longo, Camargo & Silva Dias 2004; Oliveira Junior
et al. 2014).

Almeida et al. (2015); Danelichen et al. (2013); Liu
(2015); Pereira et al. (2013); Pessi et al. (2019) and Serrao
et al. (2016) highlight that estimates of data sets from the
Tropical Rainfall Measuring Mission (TRMM) sensor (3B43
product), made available on NASA’s Giovanni platform,
are reliable and can be used to estimate precipitation.

The TRMM satellite, launched on November 27,
1997, from a partnership between NASA and the Japanese
Aerospace Exploration Agency (JAXA), aims to both
monitor precipitation in the tropics and verify its influence
on global climate. The satellite’s low polar orbit (initially,
350 km, and, since 2001, 403 km), together with its short
translation period (91 minutes) allows the collection of
high temporal and spatial resolution images (NASA 2018).

TRMM precipitation data (3B42-V7 product),
obtained with a 3-hour-time resolution and 0.25° x 0.25°
spatial resolution (approximately 27 km x 27 km), have
been used to analyze the turbidity variation. Two areas
have been defined for precipitation samples (Figure 1):
one from the north side of the reservoir, on the coordinates:
-54.3459, -23.7262, -53.7087, -23.1879, and another one
from the west side of the reservoir, on the coordinates:
-54.0512, -24.7856, -53.5019, -24.2912. 1t was collected,
also, the precipitation data for the last 5, 10 and 15 days for
the dates: 2016-08-11, 2016-08-27,2016-09-28 (Table 1),
which were compatible with the Landsat 8 images analyzed.
These data were used both to analyze the influence of
precipitation on the variation of turbidity in the reservoir
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and to evaluate the water flow in vertical and horizontal
directions of the reservoir.

2.5 Landsat 8 Images and Spectral Indices

Landsat 8 satellite’s Operational Land Imager
(OLI) sensor provides multispectral bands from visible to
shortwave infrared (SWIR), with a 185 km bandwidth, a 12-
bit radiometry and a 30-m spatial resolution. Three images
were purchased on USGS Earth Explorer website (http://
earthexplorer.usgs.gov), with dates of August 11, August
27 and September 28, 2016, all with surface reflectance
according to Landsat Collection 1 Level 2 product.

The selected dates have different precipitation
characteristics: the 08/11 image concentrates the
precipitation in the western region of the reservoir and
the 08/27 image concentrates the highest precipitation in
both north and west regions. In the image of 09/28, there
is the lower rainfall in both north and west sides.

For the analysis of the turbidity in Itaipu Reservoir,
we used the following water spectral indices: (a) Normalized
Difference Water Index (NDWI), in which the water will
have positive values while soil and terrestrial vegetation
features will tend to have zero or negative values (McFeeters
1996); Modified Normalized Difference Water Index
(MNDWI) in which where the NIR band was substituted
by the SWIR band to improve distinction of built-up features
over water (Xu 2006); and Normalized Difference Turbidity
Index (NDTTI) in which as turbidity level of water increases
due the increase in the suspended particles in the water, the
reflectance of the red band is more than that of the green
band (Lacaux et al. 2007). Both which were obtained from
arithmetic operations of the ENVI 5.3 software (Table
2); and (b) Landsat 8 satellite’s B2 (Blue), B3 (Green),
B4 (Red), B5 (NIR), B6 (SWIR 1) and B7 (SWIR 2) spectral
bands. Both spectral indices and bands were related to the
turbidity data, obtained from the correlation coefficient (R),
to estimate the association level between two variables
and the determination coefficient (R?). Together, they are
indicated to measure the fluctuation of one variable that
is explained by another.

Both indices and spectral bands with higher R and
R? values were used in the characterization of the turbidity
in the compartments of the Itaipu Reservoir. Using the
maximum and minimum values of the indices, and the
spectral data with the highest correlation with turbidity,
the reservoir boundary was divided into identical intervals
to report and analyze the compartments with the greatest
influence of turbidity.
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Table 1 Precipitation data from the TRMM sensor, product 3B42-V/7 from the last 5, 10 and 15 days for the dates: 2016-08-11, 2016-

08-27, 2016-09-28.

Precipitation North Precipitation West
Dates last 15 days last 10 last 05 total mm last 15 days last 10 last 05 total mm
08/11 0 0 12 0 0 64 64 mm
08/27 0 150 32 182 mm 50 109 0 159 mm
09/28 0 21 0 21 mm 0 45 0 45 mm
Table 2 Water Spectral indices
Index Equation Values Range Source
NDWI (Green - NIR) / (Green + NIR) lat McFeeters (1996)
MNDWI (Green - SWIR) / (Green + SWIR) la+ Xu (2006)
NDTI (Red - Green) / (Red + Green) -la+1 Lacaux et al. (2007)

Legend: NDWI - Normalized Difference Water Index; MNDWI - Modified Normalized Difference Water Index; NDTI - Normalized Difference Turbidity Index.

These values were used to classify the reservoir
into three turbidity levels: low, medium and high, based on
both average and standard deviation statistical parameters,
according to (Sharma et al. 2015; Singh, Bhardwaj & Verma
2020; Somvanshi et al. 2011) protocols (Table 3), which
were calculated by the R software. Bid & Siddique (2019)
followed this methodology of reservoir classification in
turbidity analysis.

2.6 Turbidity Validation Samples

Turbidity (TUR) is a key parameter of water quality
and it is linearly related to the inverse dispersion of light
by both organic and inorganic particles. It is also linearly
related to the Total Suspended Solids (TSS) (Sagan et al.
2020).

Earth Observation and Environmental Services
(EOMAP) has developed, for the year 2016, algorithms
based on modular inversion processing (MIP), a multi-
sensors operating processor designed to extract quantitative
information about aquatic environments from remote
sensing data of Landsat 5/7/8 and Sentinel-2 satellites
(Dornhofer et al. 2018; EOMAP 2020; Heege et al. 2014).

Among the available products, there are historical turbidity
series.

These cited algorithms allow recovering atmospheric
parameters in the water, including the correction of the
terrestrial adjacency effect, essential for the accurate remote
detection of any coastal or inland water body. They contain
a physical and accurate implementation of the bidirectional
effect within the water column, on the surface and in the
atmosphere, considering, yet, the full range of reflective,
absorbent and dispersion properties of the water body
and its limits with the atmosphere (Dornhofer et al. 2018;
EOMAP 2020; Heege et al. 2014).

To determine the index with the highest level of
correlation with turbidity, samples of turbidity were obtained
from its historical series for the year 2016, available at
EOMAP. Were used 195 random samples in the 18
Formazine Turbidity Unit (FTU) turbidity compartments
for each image date, in order to validate both indices and
spectral bands from the Landsat 8 images. For the horizontal
compartments (4 to 18), were collected 10 samples per
compartment and, for the vertical compartments (1 to 3),
it were collected 15 samples per compartment.

Table 3 Turbidity classification, according to Somvanshi et al. (2011) and Sharma et al. (2015).

Low Turbidity
Medium Turbidity
High Turbidity

Mean - Standard Deviation (> +10)
Mean + Standard Deviation

Value of more than Medium Turbidity
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Spectral Reflectance in the Spatial-temporal Dynamic of Turbidity, Itaipu Reservoir, Brazil

The spectral data most closely related to the
validation data underwent statistical evaluation to analyze
the degree of similarity of the individual compartments and
the reservoir by ANOVA analysis of variance: (1) For the
analysis of the dynamics of the individual compartments,
the null hypothesis (HO) was that there are no significant
differences between the mean values of the compartments;
(2) For the analysis of the dynamics of the reservoir, the
null hypothesis (HO) was that there are no significant
differences between the mean values of all compartments.
The null hypotheses were tested by calculating an F value
at a significance level of 0.05.

3 Results and Discussion

3.1 Compartmentation

Three compartments in the total were defined in the
central body of the reservoir (upstream, intermediate and
downstream), as well as 15 compartments were defined
in the horizontal arms, corresponding to the tributary
river basins (Figure 1). Due to the large extension of the
reservoir, compartmentalizing the Itaipu Reservoir into 18

Facco et al.

compartments, based on the methodology of Wachholz,
Pereira Filho & Sartor (2011), allowed the analysis of
turbidity dynamics in more homogeneous areas.

3.2 Bands Ratio

This study showed that the turbidity data obtained
from EOMAP showed the higher correlation between band
4 (red region, ~655 nm) of OLI/Landsat 8 and the NDTI
index (Table 4). So we chose to discard further analysis with
the other bands and indexes that showed low correlation.

In the relationship between turbidity and red
band (B4), according to the dispersion graphic on Figure
3A, it can be seen a positive correlation (R) of 0.97 and
a determination coefficient of 0.94. Between turbidity
and NDTI index, the correlation (R) was 0.95 and the
determination coefficient was 0.91 (Figure 3B).

The most of methods to interpret turbidity
fluctuation in lakes and reservoirs propose specific empirical
relationships by adjusting the in-situ turbidity measurements
with the reflectance that is derived from satellite bands
(Dogliotti et al. 2015). A single band or the ratio between
two bands is routinely used on turbidity analysis, as well
as other water component models (Ouillon 2003).

Table 4 Correlation values and determination coefficients for the indices and turbidity versus spectral bands.

Spectral Indices and Bands

Estatisticas

R R?
NDWI -0.40 0.16
MNDWI -0.12 0.01
NDTI 0.95 0.91
B2 0.23 0.05
B3 0.68 0.46
B4 0.97 0.94
B5 0.42 0.17
B6 0.15 0.02
B7 0.14 0.02
(A) Turbidity x Band 4 (B) Turbidity x NDTI
=16 0.4
é LY IR
3 12 .‘_0‘:___’_10---;—-"' =1 7 A N S—
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Figure 3 A. relationship between Turbidity and Red band (B4); B. relationship between Turbidity and NDTI in the Itaipu Reservoir.
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Several researchers who use remote sensing
reflectance for turbidity analysis, as well as for TSS
analysis, show high correlation between the red band
and its concentrations (Garaba & Zielinski 2015; Giittler,
Niculescu & Gohin 2013; Lobo, Costa & Novo 2015;
Quang et al. 2017; Vanhellemont & Ruddick 2014).
However, few studies in the literature have evaluated the
relationship between water turbidity data and the NDTI
index. Baughman et al. (2015) used Landsat TM image to
analyze the relationships between turbidity and red band
and between turbidity and NDTI index, finding 0.55 and
0.53 for R?, respectively.

Bid & Siddique (2019) analyzed the relations
between suspension sediments and NDTI, with R? 0o 0.90,
and they found high turbidity from July to September in
the Panchet Hill Dam. Among the several factors affecting
turbidity, Goransson, Larson & Bendz (2013); Zhang et
al. (2016), report that intense rainfall events, from river
discharges, are considered one of the main contributors to
turbidity increment.

3.3 Turbidity, Spectral Reflectance in the Red
Wavelength and NDTI Analysis

The values of turbidity, band 4 and NDTI for the
18 compartments are presented in Figure 4. In the 08/11
image, the compartments located in the western region
of the reservoir (11, 12, 13, 14, 15 and 16) have turbidity
values between 7 and 68 FTU, the band 4 reflectance varied
between 0.02% and 0.09% and the NDTI oscillated between
-0.27 and 0.10.

We found similar behavior in the same compartments
of 2016-09-28 image (Figure 4), in which the values of
turbidity, reflectance in the red wavelength and NDTI
varied between 6 and 59 FTU, between 0.03% and 0.08%
and between -0.23 and 0.05, respectively. The similarity
between the data is directly related to the low precipitation
in the northern and western regions in the reservoir.

For the image of 08/11, even with the higher
precipitations on the western side of the reservoir (55 mm
accumulated in the last 5 days), the lateral compartments
did not influence in the increase of sediment transport to
the reservoir.

In the image of 08/27, the upstream compartments
of the reservoir (1, 4, 11 and 12), in medium course
(2), presented the higher values of turbidity, band 4 and
NDTI. On this date, according to TRMM data, the highest
precipitation occurred in the northern region of the reservoir
(192 mm accumulated in the last 15 days), resulting in the
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contribution of the flood plain in the turbidity transport.
According to Quang et al. (2017), the turbidity is strongly
influenced by the runoff after high rainfalls, since these
brings large amounts of sediment to the water body.
Besides, intense water flows cause resuspension after heavy
rains. The values of turbidity, band 4 and NDTI for the
compartments 11, 12, 13, 14, 15 and 16 varied between 9.1
and 128.41 FTU, between 0.03% and 0.13% and between
-0.25 and 0.15, respectively.

ANOVA analysis of variance was used for the 18
individual compartments to verify their dynamics. For the
variable Turbidity, an F of 1.32 was obtained with p 0.24,
accepting the HO hypothesis in which the values of the
individual compartments are similar to each other and do
not present a significant difference. As shown in Figure
4, compartments 1, 11, 12, 4 and 2 have greater variance,
the others have very close values. For Band 4 (RED) F
1.31 with p 0.25 also accepting the HO hypothesis, the
compartments with the highest variance were 1, 11, 12, 4
and 2, the others with low variance. For NDTI, F was 3.68
and p <0.05, in which we accept hypothesis H1 in which the
compartments do not have similarity, that is, they present
a significant difference, with emphasis on compartments
1,11,12,2,4,5 and 14.

Our work and the others cited used precipitation
to analyze turbidity and all report the importance of this
variable in the dynamics of water bodies. Viviano et al.
(2017) used precipitation data for turbidity analysis and
observed higher concentrations of suspended solids and
turbidity some hours after precipitations. Robert et al. (2016)
highlight that periods of the year with higher precipitation
have higher turbidity in reservoirs. Quang et al. (2017)
showed that turbidity is influenced by precipitation in both
rainy and dry seasons and that bed sediment resuspension
controls turbidity in both shallow and coastal waters, while
rainfall is a key factor, affecting turbidity in deep waters. In
Martins et al. (2019), the level of turbidity was seasonally
dependent, varying from clean water (0-20 NTU), in the
dry season, to above 60 NTU, in the rainy season.

Our results are related to Buffon (2016), who
analyzed the relationship between the concentration of
suspended solids and band 4 of the Landsat 8 satellite in
two compartments of the Itaipu Reservoir (12 and 18)
(Figure 1). In low precipitation periods, the compartment 18
presented a little higher value in relation to the 12. Robert
et al. (2016) observed a significant increase in turbidity
values between 2000 and 2015, and highlighted that this
increase is related to changes in the land use.
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Figure 4 Boxplot of the relationship between turbidity, band 4 (OLI) and NDTI.
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3.4 Turbidity Dynamics in the Reservoir

NDTI values were classified into high, medium
and low turbidity levels, by using average and standard
deviation statistical parameters (Table 5). Both NDTI
values map (Figure 5) and turbidity classes map, according
to Sharma et al. (2015); Singh, Bhardwaj & Verma (2020);
Somvanshi et al. (2011) (Figure 6), show the spatial-
temporal variation of these variables.

Facco et al.

The 08/27 image shows the highest NDTI
values (Figure 5) in the upstream area of the reservoir.
Compartments 1 and 2 were classified as high turbidity
(Figure 6). Current flow and turbidity variables are
positively related, since the flow caused by the rains
increases the sediment transportation. In addition, the
current flow is strong enough to increase turbidity by
causing the resuspension of the sediments deposited at
the bottom of the reservoir (Fondriest Environmental Inc
2014; Yu, Zhang & Lemckert 2014).

Table 5 Turbidity Values
NDTI values of Itaipu Reservoir
Standard deviation 0.093 Average -0.150
Low -0.243
Medium -0.057
High >0.057
Legend N 7 (A) ‘f (B) / (C)
NDTI Values ]

Bl -0.40 to -0.34
Bl -0.34 to -0.28
. 025 to 016 '
= -0.22 to -0.
m -0.16 to -0.10 2016’/0§/“
B -0.10 1o -0.04 :
[ -0.04 to 0.02
(.20 to (L08
B 0.08 to 0.14
Bl 0.14 10 0.20

25°2000"S

54“10’0‘ W 54"2:)’0"W 54°4I(J'0" :

2016/08/27
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{ 5402;).0--“7 54 ?0‘0“ 0 ! 5 462'0,0,,“,

Figure 5 NDTI dynamic for the Itaipu Reservoir.
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Figure 6 Turbidity classes for the Itaipu Reservoir.

The image of 09/28 showed higher NDTI values
than the image of 08/11 in the downstream intermediate
compartments (Figure 5). The predominance of the middle
turbidity class on 08/11 and 09/28, as well as in the reservoir
as a whole (Figure 6), is due to the low rainfall in the north
of the reservoir 12 mm and 21 mm respectively (Table 1)
and the damming of solids by the flood plain.

Some turbidity patterns were found in the reservoir,
even with different periods and precipitation, as is the case
of the compartments 3 (medium turbidity), 16 (medium
turbidity), 4 (high turbidity and 7, which had low turbidity
on the east of the compartment and medium turbidity on
the west of the compartment, near the central body.

In the ANOVA analysis to analyze the dynamic
space of the reservoir, the variable Turbidity, Band 4 (Red)
and NDTI obtained F calculated from 4.93, 6.94 and 8.57
respectively with P <0.05 for all, this means that we
accept hypothesis HI in which for the 3 analyzed dates
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independently variable the results obtained do not have
similarity.

The variability of NDTI values shows that
precipitation has a strong influence on the turbidity dynamic
in the reservoir, being the Parana River, in periods of
higher precipitation, the main solids transportation agent
in the reservoir. In addition, we found that the lateral
compartments have little influence on the entrance of solids
into the reservoir, as a result of the lower precipitation levels
and the few amount of sediment transportation from the
western side of the reservoir.

Andrade et al. (1988); Ribeiro Filho (2006) and
Ribeiro Filho et al. (2011) point out that both turbidity
and suspended solids showed decreasing averages towards
downstream in the Itaipu Reservoir, which can be explained
by precipitation events. In this sense, the fluvial zone
presented the highest concentrations of suspended sediments
and turbidity.
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Several works report the importance of the flood
plain in retaining the solids, as well as highlight the flood
periods, in which the water level of the Parana River is
higher. In these periods, characterized by flood pulses,
there is the death of vegetation and the entry of solids,
as a result of the increment of the water flow (Couto,
Hayakawa & Souza-Filho 2010; Hayakawa et al. 2010;
Junk, Bayley & Sparks 1989; Souza Filho & Fragal 2013).
Similar results were found by Ribeiro, Brandimarte & Kishi
(2005), who observed that after the formation of the Salto
Caxias reservoir, there were significant increases in water
transparency levels, with a tendency to higher values along
the central axis.

In our work, values above 50 FTU were found in
upstream compartments 1 and 11 on the wettest date of
08/27, and values between 10 and 30 FTU for the least
influenced compartments, mainly on 11/08 and 09/28 of
less precipitation. Similar values were found by Martins
et al. (2019) in which found that the turbidity dynamic
in Sobradinho reservoir Northeast Brazil, present strong
variability between rainy and dry seasons. Turbidity levels
varied from clean water (0-20 NTU) during the dry season,
to turbidity (> 50 NTU) during the rainy season.

Silva et al. (2009) found higher turbidity values
observed in Peti reservoir, Minas Gerais Brazil, that both
variations and high turbidity peaks were higher on the
upstream of the reservoir (approximately 200 NTU) in
the rainy season, oscillating between 50-80 NTU in the
intermediate region. They point out that these values
are influenced by anthropic activities, such as livestock,
agriculture and urban solids of the cities. The Peti Reservoir
and the Itaipu Reservoir are located in the Atlantic Forest
Biome, which has been suffering a great deal of deforestation
in recent years, according to Santos et al. (2020) the increase
in the Brazilian population and the consequent expansion
of areas destined for agriculture, livestock, urban centers
and forestry were the main reasons for the deforestation of
the biome’s forests, contributing to the increase in turbidity
in the reservoirs.

Agéncia Nacional das Aguas (2021); Silva, Abdon
& Rossi (2009); Silva, Neves & Basotti (2017) report that
the silting and erosion on the banks of the Parana River is
due to the deforestation of vegetation areas on the coast
of the river. The speed of the water flow of the Parana
River, in its main channel, varies between 0.8 and 1.2
m.s-1, and may present slightly higher values during the
period of greater precipitation. Places protected by islands
or bars, for example, have lower speeds (Galvao, Stevaux
& Saad 2014).

Studies in other reservoirs also highlight that land
use and land cover is an important factor when talking
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about the dynamics of turbidity and suspended solids in
reservoirs. Wachholz (2011) reports that in Rodolfo Costa e
Silva reservoir, Rio Grande do Sul, Brazil, the type of land
use is determinant in erosive processes in the watershed, as
well as it influences the characteristics of the reservoir. In
addition, the author states that positive correlations were
found between suspended solids and exposed soil on land
prepared for agricultural cultivation. Cabral et al. (2013)
point out that the Cagu reservoir, Goias, Brazil, the highest
values of turbidity occurred in the upstream sector, whose
main cause are the erosive processes in the margins and
unprotected areas of vegetation.

Chelotti et al. (2019) generated models for estimating
suspension sediment concentration from MODIS and
Landsat 8 data, which allowed investigating their both
temporal and spatial behavior, in relation to the rainfall
regime and reservoir variation quota. According to Zhang
et al. (2016), reservoirs exhibit spatial heterogeneity,
significantly greater in arriving rivers than in the main body
of the reservoir. According to these authors, and equally to
our work the main cause is rainfall. Additionally, they have
developed a semiannual model to monitor quantitatively
the total of suspended material in slightly turbid inland
waters, by using Landsat 8 OLI images.

Bid & Siddique (2019), analyzing seasonal variations
on the water turbidity of a dam by the application of NDTI
method, showed that the highest levels of turbidity occur
in the monsoon, when the indicator jumped from 60 NTU
to 700 NTU.

EOMAP’s turbidity data were essential to validate
both NDTT and band 4 indicators, especially when they are
applied to large reservoirs that are located in the remote
or difficult to access regions, on which there are lack of
information on limnological parameters. The MIP system
has been operationally proven in several regional monitoring
applications, as well as in global water quality research,
such as by UNESCO (Dérnhofer et al. 2018; EOMAP 2020;
Heege et al. 2014; Heege, Schenk & Wilhelm 2019). In
Yanti, Susilo & Wicaksono (2016), the band 4 of Landsat
8 OLI sensor had the best precision to detect suspended
sediments, presenting a determination coefficient of 0.54.

In this work, we show that the applicability of bands
and spectral indices using two bands is a simple method
and provided important information about the dynamics
of the reservoir. The method proposed by Sharma et al.
(2015); Singh, Bhardwaj & Verma (2020); Somvanshi et
al. (2011), is efficient for identifying zones with different
turbidity levels, helping in the management and monitoring
of sediments in a reservoir.

The compartmentation of the Itaipu Reservoir,
according to Wachholz (2011) methodology, was essential to
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the analysis of the turbidity dynamics of that homogeneous
areas, considering the large extension of the reservoir. The
upstream compartment 1 is characterized by giving Parana
River’s largest contributions at the entrance of suspended
solids into the reservoir. In downstream intermediate sector
and in reservoir’s side arms, the water flow becomes more
lentic, because of the low stream.

For Garg, Aggarwal & Chauhan (2020), the remote
sensing approach can be used to make qualitative estimates
of turbidity, even in the absence of field observations. In
this sense, our analysis brought new elements to understand
the turbidity fluctuation in the compartments of the Itaipu
Reservoir and to comprehend the dynamics of spectral
reflectance in the spatial-temporal characterization related
to turbidity.

4 Conclusions

This work investigated the relationship between
turbidity, precipitation and spectral reflectance in the
Itaipu hydroelectric plant reservoir. The results reveal that
higher rainfall periods have a strong influence on sediment
transportation to the reservoir. The flood plain of the Upper
Parana River, which is upstream from the Itaipu Reservoir,
helps in the retention of solids, but in periods of higher
precipitation, the Parana River is the main responsible for
transporting sediments to the reservoir, due to its flood
and water flow.

The relationship between precipitation, spectral
reflectance of Landsat 8 OLI sensor’s band 4, NDTT index
and EOMAP’s turbidity validation data showed itself strong.
Both were important to illustrate that the suspended material
that affects the spectral reflectance in the spatial-temporal
characterization of the reservoir turbidity comes from the
upstream, as well as that the horizontal compartments
have little influence. The optical properties of the water
indicate the red region of the electromagnetic spectrum as
the one with the best potential for turbidity analysis, since
it is the spectral range with the largest variation, regarding
turbidity. The space-time scale approach is essential to
determine and correctly interpret the differential effects
generated by turbidity control processes. In this sense,
this work will continue, aiming at new evaluations with
more images to expand the time series. The products and
methodology generated by this work are an alternative for
monitoring other reservoirs.
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