
remote sensing  

Article

Indirect Assessment of Sedimentation in Hydropower
Dams Using MODIS Remote Sensing Images

Rita de Cássia Condé 1,2,*, Jean-Michel Martinez 2,3,* , Marco Aurélio Pessotto 4, Raúl Villar 5 ,
Gérard Cochonneau 3 , Raoul Henry 4, Walszon Lopes 1 and Marcos Nogueira 4

1 Agência Nacional de Águas (ANA), Setor Policial, Área 5, Qd. 3, Bloco L, Brasília CEP 70610-200, Brazil;
walszon@ana.gov.br

2 Instituto de Geociências, Universidade de Brasília (UnB), Campus Universitário Darcy Ribeiro, ICC Centro,
Brasília CEP 70.910-900, Brazil

3 Géosciences Environnement Toulouse (GET), UMR5563, Institut de Recherche pour le
Développement (IRD)/Centre National de la Recherche Scientifique (CNRS)/Université Toulouse 3,
14 Avenue Edouard Belin, 31400 Toulouse, France; gerard.cochonneau@ird.fr

4 Departamento de Zoologia, Instituto de Biociências, Universidade Estadual Paulista (UNESP),
Distrito de Rubião Júnior, Botucatu CEP 18618-970, Brazil; marcoaurelio.pessotto@gmail.com (M.A.P);
rhenry@ibb.unesp.br (R.H); marcos.nogueira@unesp.br (M.N)

5 Instituto Geofísico del Perú (IGP), Calle Badajoz 169, Urb. Mayorazgo IV etapa, Ate, Lima 15012, Peru;
raul_ev@hotmail.com

* Correspondence: ritacondebrasil@hotmail.com (R.d.C.C.); martinez@ird.fr (J.-M.M.);
Tel.: +55-61-98619-0193 (R.d.C.C.); +55-61-9999-1974 (J.-M.M.)

Received: 27 December 2018; Accepted: 31 January 2019; Published: 5 February 2019
����������
�������

Abstract: In this study, we used moderate resolution imaging spectroradiometer (MODIS) satellite
images to quantify the sedimentation processes in a cascade of six hydropower dams along a 700-km
transect in the Paranapanema River in Brazil. Turbidity field measurement acquired over 10 years
were used to calibrate a turbidity retrieval algorithm based on MODIS surface reflectance products.
An independent field dataset was used to validate the remote sensing estimates showing fine accuracy
(RMSE of 9.5 NTU, r = 0.75, N = 138). By processing 13 years of MODIS images since 2000, we showed
that satellite data can provide robust turbidity monitoring over the entire transect and can identify
extreme sediment discharge events occurring on daily to annual scales. We retrieved the decrease in
the water turbidity as a function of distance within each reservoir that is related to sedimentation
processes. The remote sensing-retrieved turbidity decrease within the reservoirs ranged from 2 to
62% making possible to infer the reservoir type and operation (storage versus run-of-river reservoirs).
The reduction in turbidity assessed from space presented a good relationship with conventional
sediment trapping efficiency calculations, demonstrating the potential use of this technology for
monitoring the intensity of sedimentation processes within reservoirs and at large scale.

Keywords: Paranapanema River; turbidity; sedimentation; remote sensing; sediment trap efficiency;
reservoir; river sediment discharge; suspended particulate matter; MODIS; water color

1. Introduction

The construction of large reservoirs worldwide represents a primary modification to fluvial
sediment transport processes induced by anthropogenic activities. Dams and reservoirs modify
the fluvial sediment transport capacity, which in turn affects the river geomorphology [1], water
geochemical composition [2] and ecology [3]. There are approximately 50,000 large dams higher than
15 m [4], with the number increasing significantly in the latter half of the 20th century. It is estimated
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that approximately 5 Gt yr−1 of global sediment fluxes are intercepted [5], and this figure surpasses
the net increase in sediment delivery induced by land use changes [6].

Because of the environmental concerns cited above, large dams stopped being built in developed
countries and more dams are currently being removed in North America and Europe than are
being built [7]. However, the growing need for renewable energy makes necessary to improve
the management of existing large dams in order to extend their lifespan and maintain the hydropower
contribution to the global electricity production [8]. Understanding and management of sediment
is no less important than hydraulic control if reservoirs are to provide sustainable, long-term
service at acceptable levels of environmental impact [9]. Accumulation of sediment in the dam
impoundment (e.g., sedimentation) is considered as the major and most common threat to existing
infrastructure by reducing the water retention capacity. Consequently, the monitoring of sedimentation
in hydropower dams is considered as a priority and innovative solutions must be evaluated to improve
the management of existing reservoirs, particularly those used for hydropower [10]. Conventional
methods for assessment of sediment trap efficiency measurement include sediment load balance at
different point along the river system for computing mid to short-term variations in sediment yield
or repeated bathymetric surveys to calculate the sediment volumes stored at the lake bottom. Both
solutions are extremely time consuming and costly and the protocols used are inhomogeneous.

Dams and reservoirs are used for multiple purposes, including water resource control, irrigation
and electricity generation. Although hydroelectricity may represent nearly 25% of the world’s electric
power generation, this rate increased to 97% during the 1990s in Brazil [11]. In this country, the option
for a hydroelectric matrix was strongly influenced by the presence of large fluvial systems, such as the
Amazon River (north), Paraná River (southeast) and São Francisco River (northeast). The Paraná basin
has the largest hydroelectric potential in operation in South America and there are more than 150 large
reservoirs for power generation in the Paraná River and its main tributaries (Grande, Paranaiba, Tiête,
Paranapanema and Iguaçu rivers) [12].

Understanding sediment transportation within catchments is required for water resource
management and represents an important environmental index for monitoring the impact of
anthropogenic activities. Various socioeconomic activities based on the use of surface waters require
information on the suspended sediment quantity and quality. Assessments of the rate of reservoir
sedimentation are crucial for calculating a dam’s life expectancy and for optimizing dam operations,
whether for purposes of irrigation, hydroelectricity or flood control. The transport of nutrients and
contaminants, such as heavy metals, is known to be driven by suspended sediment fluxes, and these
constituents may eventually be stored in impoundments. However, modifying sediment fluxes through
impounding complicates the analysis of river system responses to global and regional changes [13].

The Brazilian Water Agency (ANA) manages 500 sediment stations that are distributed throughout
the country and are used to determine the suspended particulate matter (SPM) on a quarterly basis.
Considering the national land size and the importance of water resources for environmental and
economic purposes, the network’s spatial coverage and SPM sampling frequency should be considered
insufficient. Although improving the monitoring capacity would increase the operational cost of the
federal hydrological network significantly, such improvements are crucial. Therefore, alternative
techniques may be evaluated for completing and extending the current monitoring capacities based on
conventional monitoring methods that utilize field measurements.

Optical remote sensing can be efficiently used for monitoring water color or the spectral behavior
of water. Water color is linked to the presence of optically active components within the water
column, and three main components alter the optical properties of water in the visible and infrared
wavelength ranges [14]: colored dissolved organic matter (CDOM), SPM (either organic or inorganic)
and photosynthetic pigments, such as chlorophyll-a (Chl-a). Light absorption and scattering by water
presents a limited dependency on temperature and salinity. The presence and concentration of each
optically active component controls the light absorption and scattering processes. Consequently,
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analyses of the upwelling light emerging from a water body makes possible to infer some water quality
parameters such as SPM or chlorophyll-a.

Significant knowledge has been obtained on the optical properties of oceanic and continental
waters through experimental measurements, modeling approaches and remote sensing methods.
Numerous studies have indicated that the red and infrared wavelengths are appropriate for retrieving
SPM concentrations; however, the optical properties/SPM relationships may depend on the nature
of the concentration range, water type and particulate matter content [15–18]. Unfortunately,
the complex interactions between optically active components have complicated the development of
universal retrieval algorithms [14]. Thus, conventional approaches adopted by several studies rely
on the calibration of a retrieval algorithm according to site-specific data [19–26]. [27,28] compared
empirical models for turbid coastal and inland waters published in 31 and 25 articles, respectively,
showing that the reflectance/SPM or reflectance/turbidity models display a large variety in terms
of mathematical expression, spectral bands used and the turbidity/SPM concentration range.
However, [16] demonstrated that the optical properties of the main Amazonian rivers are stable
enough to support operational SPM monitoring using satellite data; thus, a unique retrieval algorithm
may be used regardless of the river and hydrological period considered within a large catchment.
This promising result, which was achieved in the world’s largest watershed, must be confirmed for
other catchments to determine whether it is dependent on the watershed water optical properties and
whether specific retrieval algorithms need to be developed for each watershed or derived at different
scales according to the variability of vegetation, soils and geomorphological characteristics.

The use of satellite data for water quality monitoring over open water bodies may be hampered
by the spatial, temporal and spectral resolution of the images, which can limit the retrieval capacity
of the sensor [29]. Therefore, selecting the correct spaceborne platform is critical and depends on
the application. In the case of hydro-sedimentary studies, fine temporal resolution monitoring is
mandatory because the sediment fluxes vary considerably over time. Thus, spaceborne platforms
offering fine revisiting frequency together with fine radiometric calibration and sufficient spectral
resolution should be prioritized.

In recent years, studies have demonstrated that satellite data offering daily global coverage,
such as that obtained by moderate resolution imaging spectroradiometer (MODIS) sensors, are
appropriate for monitoring SPM concentrations in large rivers, such as the Amazon basin [24,26,30–34].
In particular, MODIS is capable of monitoring surface SPM over more than 10 years at different
river gauges (1-km wide or larger) and at intermediate to high levels of SPM concentration (10 to
1000 mg L−1) [35]. However, assessing MODIS data for smaller catchments and lower levels of
turbidity remains a challenge, and whether these data can efficiently monitor sedimentary patterns in
reservoirs and lakes is unclear.

The objective of this work is to evaluate the use of MODIS remote sensing data for the synoptic
monitoring of sedimentation in a series of hydroelectric dams in southern Brazil. Sedimentation occurs
as a function of suspended sediment deposition in reservoir because of flow velocity decrease from a
riverine flow to a lake flow. Consequently, there is an inverse (indirect) relationship between water
turbidity and the intensity of the sedimentation processes. We aim to demonstrate that satellite data,
through the monitoring of spatial and seasonal turbidity variation in reservoirs, provide consistent
estimates of sedimentation in reservoirs. To this end, a 13-year time series of satellite data was processed
to calculate turbidity at different points over six different reservoirs. A reflectance retrieval model is
calibrated and validated using two independent field turbidity data sets acquired in the catchment.
The remote sensing derived turbidity time series retrieved are analyzed as a function of reservoirs’
operational characteristics and flow conditions. In particular, we compare the satellite-derived turbidity
decrease with the prediction of a sediment trap efficiency model. A methodology based on remote
sensing for indirect assessment of sedimentation processes in reservoirs is then proposed.
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2. Materials and Methods

2.1. Paranapanema River Catchment

The Paranapanema River is an important tributary along the left bank of the Paraná River, and it
flows from central Brazil southward to Argentina and Uruguay (La Plata Basin). The Paranapanema
River is 930 km long, and its catchment area is 100,800 km2. The mean basin declivity is 61 cm/km
and further upstream, there is a declivity of 150 cm/km in the first 100-km river stretch [36,37].

The precipitation rate decreases and temperature increases from upstream to downstream.
Upstream, the mean annual precipitation varies between 1500–1700 mm and the mean annual
temperature is lower than 19 ◦C, whereas downstream, the mean annual precipitation falls to
1100–1300 mm and the mean annual temperature is higher than 23 ◦C. Seasonally, precipitation
exhibits a marked dry period of up to three months, and it usually occurs between July and September
(winter to early spring), with an intensive rainfall period in summer (December to March).

The Paranapanema catchment has been subjected to intense deforestation for cattle raising
and agriculture, and the native vegetation is now restricted to preserved isolated fragments and
restoration initiatives. Land cover changes and intense farming (e.g., intensive sugar-cane plantations)
have contributed to soil degradation and consequently, increased erosion and fluvial sediment
transportation [38,39].

Over the last six decades, the main course of the river has been intensively dammed for
hydropower production, and eleven reservoirs were constructed with distinct sizes, operational
designs and limnological/water quality characteristics [37,40]. Various studies have assessed the
impact of the dam cascade, especially the effects of multiple reservoirs on the limnological functioning
of the river system and spatial compartmentalization [37,40,41]. Pronounced impoundment effects
along the cascade, especially in the larger reservoirs, were demonstrated. In addition to conspicuous
changes in channel morphometry, flow and water level regime, other important modifications include
a longitudinal increase in temperature, the development of seasonal thermal stratification in deeper
zones next to the dams and associated phenomena, such as oxygen depletion in the bottom layers,
increased transparency in the water column, and nutrient and organic matter accumulation in the
sediments. The biotic communities also exhibited conspicuous modifications because of the river
damming, including an increase in the plankton biomass [42,43], which can influence the optical
responses of the water.

2.2. Characteristics of the Hydropower Dams

The Paraná River catchment produces 60% of the country’s hydropower (38,916 MW) and accounts
for 75% of the national consumption [44]. The Brazilian segment of the Paraná River catchment hosts
32% of the country’s population, and there are 179 hydroelectric power plants installed in Brazil, of
which eleven are found within the Paranapanema catchment, and their output totals 2432 MW [44].
Figure 1 shows the locations of the reservoirs in the Paranapanema catchment, and Table 1 lists the
main characteristics of the six hydropower dams selected for the study. The reservoirs are conveniently
labeled from I to VI, starting from the upstream reservoirs.

The reservoirs exhibit major differences in relation to size, water storage and residence time.
The largest (storage) reservoirs are #I (Jurumirim), #II (Chavantes) and #IV (Capivara), which
represent the primary sources of modifications to the natural water flow because they are operated
for hydroelectricity and flow control. The other impoundments are run-of-river reservoirs, meaning
that they have a limited amount of water storage, representing a few hours or few days of river water
inflow. These run-of-river reservoirs are primarily used for hydroelectricity, including reservoirs #III
(Canoas II) and #V (Taquaraçu). The mean water residence time varies considerably from 7 days
(reservoir #III) to 340 days (reservoir #I).
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Figure 1. Map of the Paranapanema River catchment showing the locations of the hydropower dams 
(white bars) and turbidity sampling stations (black triangles). The six reservoirs studied in this article 
are numbered from upstream to downstream (I to VI). 

Table 1. Characteristics of the six studied hydropower dams distributed along the Paranapanema 
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VI-Rosana 220 100,799 17 8.7 1289 
Sources: 1 http://www.duke-energy.com.br/usinas/Paginas/Usinas.aspx; 2 Brazilian Water Agency, 
2007; 3 Calculated from the data provided by the Duke Energy Company and the Brazilian Water 
Agency. 
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Figure 1. Map of the Paranapanema River catchment showing the locations of the hydropower dams
(white bars) and turbidity sampling stations (black triangles). The six reservoirs studied in this article
are numbered from upstream to downstream (I to VI).

Table 1. Characteristics of the six studied hydropower dams distributed along the Paranapanema River.

Reservoirs
Open Water
Mean Area

(km2) 1

Drainage Area
(km2) 2

Mean Water
Residence Time

(days) 3

Mean Reservoir
Depth (m) 3

Mean Output
Flow (m3 s−1) 3

I-Jurumirim 449 17,891 340 14.7 236
II-Chavantes 400 27,769 312 21.2 324
III-Canoas II 23 39,531 7 6.0 477
IV-Capivara 576 84,715 111 17.6 1091
V-Taquaruçu 80 88,707 8 8.9 1137

VI-Rosana 220 100,799 17 8.7 1289

Sources: 1 http://www.duke-energy.com.br/usinas/Paginas/Usinas.aspx; 2 Brazilian Water Agency, 2007; 3

Calculated from the data provided by the Duke Energy Company and the Brazilian Water Agency.

2.3. Water Quality Database

Two independent turbidity datasets were used for the calibration and validation of remote
sensing-derived estimates. For calibration, turbidity records were provided by Companhia Ambiental
do Estado de São Paulo (CETESB), the regional public company in charge of water, air and soil
monitoring and quality control. Data were available for 3 stations (Jusante Rosana—6457.1100, Jusante
Capivara—6451.6900 and Jurumirim Reserva—64214000) (Figure 1) located within reservoirs #I and
#V and downstream of reservoir #VI. Water was sampled every two months using 250-ml sampling
bottles. Turbidity was measured in a laboratory following the method outlined in the Standard
Methods 2130-B [45] using a Hach turbidimeter. The turbidimeter makes the determination using
a primary nephelometric light scatter signal, 90 degrees to the transmitted light scatter signal. This
method is based on a comparison between the intensity of light scattered by the sample and the
intensity of light scattered by a standard reference solution. The turbidity records cover the period
from 2000 to 2010, and a total of 188 samples were obtained from the three stations.

For validation, we used 138 turbidity measurements collected at 37 sampling stations during 14
field sampling trips conducted in October 2013; February and March 2014; February, March, April,
June, July, October and November 2015; and February, March, June and July 2016 [40]. The sampling
stations were located across the Paranapanema River reservoirs, and measurements were conducted
using a multiparameter water quality meter (Horiba U-52, Japan). The U-52 sensor uses a pulse light
LED (infra-red emitting diode) as a light source, and detect scattered light from a 30 degree angle off
center. Although both turbidimeters used for calibration and validation deliver turbidity estimates in

http://www.duke-energy.com.br/usinas/Paginas/Usinas.aspx
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NTU units, it is important to note that the measurement protocols of each instrument are different in
terms of reference scattering angle and of light source. These differences may introduce a bias in the
validation results [46].

2.4. Processing of Remote Sensing Images

MODIS remote sensing images acquired from the Aqua and Terra satellites were used in this
study. The MODIS data product MOD09Q1/MYD09Q1 provides calibrated reflectance for two bands
measured at a resolution of 250 m (http://modis.gsfc.nasa.gov) by the sensors onboard the Terra
and Aqua satellites. Band 1 is centered at 645 nm, and Band 2 is centered at 858.5 nm. The MODIS
250- and 500-m bands were originally designed for land studies and cloud detection and therefore
have lower sensitivities than the MODIS ocean bands. However, through comparison with other
sensors including Landsat-7 ETM+, CZCS, and SeaWiFS, [21] determined that these bands do provide
sufficient sensitivity for water applications.

MODIS surface reflectance eight-day composite data in HDF format were acquired between
February 2000 and November 2012 from the NASA Earth Observing System (EOS) data gateway.
MODIS sensors offer near-daily coverage over tropical areas, although the cloud coverage limits the
availability of satellite images, especially during the rainy season. Eight-day image composites were
considered for this study because they reduce the amount of data to be analyzed, as a large number of
daily images cannot be used because of the persistent cloud cover; in addition they significantly reduce
the bidirectional reflectance distribution function effects and atmospheric artifacts [29]. The composites
from the Terra and Aqua satellite time series were processed independently and were merged to
produce a unique time series. For each date, the Terra and Aqua eight-day composites were compared,
and the image with the lowest averaged satellite viewing angle was selected. If both composites had
the same viewing angle, the composite with the lowest cloud coverage was selected. For this work,
585 and 489 MODIS eight-day composites were processed for the Terra (available since February 2000)
and Aqua (available since July 2002) data, respectively.

The coarse spatial resolution of MODIS data may result in mixed pixels in which both open
water and lake/river banks appear. This phenomenon causes spectral mixing in which the pixel
spectral signature is a mixture of distinct target spectra. Because the effective satellite resolution
varies from one image to another as a function of the zenith viewing angle, mixed pixel localization
may vary from one image to another. Furthermore, the open water area varies as a function of the
hydrology. To overcome this variability and automatically process the image time series, we used the
MOD3R (MODIS Reflectance Retrieval over Rivers) program, which we developed from previous
investigations [31,32,35,47]. The MOD3R program can be used to identify unmixed water pixels
automatically over a virtual station without any additional information. The program classifies the
virtual station pixels in homogeneous clusters using an unsupervised K-means algorithm. Linear
mixing models (LMMs) are iteratively tested to identify the water endmembers.

For each reservoir, virtual stations were created within the water body and below the dam.
The virtual station represents an area over which MODIS pixels are averaged to assess a representative
reflectance of the zone and to limit the impact of cloud coverage. The size of the virtual station may
vary according the objective of the analysis. For a synthetic view of each reservoir, a virtual station was
created near the dam with a size varying between 12 pixels and 110 pixels for the largest reservoirs.
Figures S1–S6 show the upstream and downstream virtual station positions for the six studied dams.
For the analysis of intra reservoir variability, different virtual stations were created from upstream to
downstream. Figure S7 shows the different virtual stations created along reservoir #I to analyze the
sedimentation pattern, where each station covers 350 to 450 pixels.

2.5. Assessment of Reservoir Sedimentation

Sedimentation in reservoirs is usually predicted with trap efficiency (TE) models that represent the
amount (percentage) of the sediment delivered to a reservoir that remains in it [48]. Several empirical

http://modis.gsfc.nasa.gov
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methods exist in the literature, the two most common approaches being the one initiated by Brune [49]
and the other by Churchill [50]. The Brune method [49], which is based on the reservoir capacity
and water inflow, is by far the most popular method, as it requires little input data. The Churchill
method [50] requires additional data on the water inflow velocity, which is much more difficult to
acquire on a daily basis. The Brune data [49] have been analyzed by several authors that proposed
different empirical equations as reported by Heinemann [51] and for different suspended sediment
size classes (e.g., coarse, medium and fine). Fine suspended sediment is of specific interest for our
work because classical results of sediment transport dynamics in a turbulent flow system [52] predict
an almost pure fine sediment composition at the river surface. Consequently, the surface reflectance
that originates from the water column upper layer is controlled by the finest sediment class that is
mostly related to clay particles. For this work, we used the equations derived by Gill [53] from Brune
data for fine suspended sediment (e.g., clay) which proposed a trap efficiency model TEFS:

TEFS = 100 ×
(

τ3

1.02655 τ3 + 0.02621τ2 − 0.133·10−3τ + 0.1·10−5

)
(1)

where τ = V/Q is the water residence time in a reservoir (in years), V is the reservoir volume (m3)
and Q is the mean annual inflow (m3.yr−1). The data to calculate Equation (1) were obtained from the
Duke Energy Company, which provided both daily flow and reservoir volume data for each reservoir
over the period considered in this work. We assumed the outflow discharge was equivalent to the
inflow [54] rather than assessing the tributaries discharge to the reservoirs as many local streams
are ungauged. In addition to the data calculated by the conventional methodology presented above,
sedimentation analysis was performed using remote sensing-derived turbidity data. We assumed
that the turbidity decrease in a reservoir is a proxy of the sedimentation process and we proposed an
index to quantify the sedimentation and compare it with TEFS. The remote sensing-derived turbidity
decrease (TDRS) was calculated for each reservoir as:

TDRS = 100 ×
(

∑n
i=1 TDup

i − ∑n
i=1 TDdam

i

∑n
i=1 TDup

i

)
(2)

where TDup
i is the satellite derived turbidity calculated for the most upstream virtual station on month

i and TDdam
i is the satellite derived turbidity calculated for the virtual station nearest to the dam on

month i. Figures S1–S6 show, for each reservoir, the location of the virtual stations used to calculate
Equation (2). Following the Equation (1) proposed by Gill [53], we defined a trap efficiency TERS that
relies only on remote sensing data using the TDRS index:

TERS = 100 ×
(

TDRS
3

a·TDRS
3 + b·TDRS

2 + c·TDRS + d

)
(3)

We applied the different equations for each year and we analyzed the annual results from 2001 to
2012 as well as the overall result averaged over the period. We assessed the parameters a, b, c and d
from Equation (3) by minimizing the difference between the annual estimates for TERS and TEFS using
generalized reduced gradient nonlinear algorithm from Excel Solver [55].

3. Results

3.1. Surface Reflectance Temporal Behavior

Figure 2 compares variations of the MODIS red-band surface reflectance with the daily outflow
of each reservoir for the period 2000–2012. The surface reflectance is presented with a monthly time
step. Table 2 summarizes the reflectance and water discharge time series statistics during the same
period. Although the river water discharge is now largely controlled by the dam cascade, most of
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the higher reflectance peaks are associated with the flow discharge peaks, which promote increased
water turbidity.
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Figure 2. Daily dam water discharge and MODIS eight-day surface reflectance in red wavelengths
retrieved from 2000 to 2013 for the six studied dams: (a) I-Jurumirim, (b) II-Chavantes, (c) III-Canoas II,
(d) IV-Capivara, (e) V-Taquaruçu and (f) VI-Rosana.

An analysis of Figure 2 and Table 2 shows that the water flow increases regularly from reservoir
I to reservoir III. A significant increase in the flow is recorded in reservoir IV as a result of the
contribution of important tributaries in the middle basin. Reflectance also increases from upstream
to downstream, with dams III, IV, V and VI exhibiting higher variability and higher reflectance
compared with the upstream dams I and II. The propagation of flow and reflectance peaks throughout
the catchment can be easily detected, although the magnitude of each event may vary among the
reservoirs. Higher reflectance and discharge values are observed between December 2009 and March
2010 for all reservoirs. During March 2012, high reflectance values are also observed, although the
magnitude of the peaks varies among the reservoirs.
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Table 2. Descriptive statistics for the reflectance and water discharge time series recorded between
February 2000 and December 2012 for the six studied dams: I-Jurumirim, II-Chavantes, III-Canoas II,
IV-Capivara, V-Taquaruçu and VI-Rosana.

Reservoir Reflectance
Mean

Reflectance
Minimum

Reflectance
Maximum

Mean Water
Discharge (m3 s−1)

Minimum Water
Discharge (m3 s−1)

Maximum Water
Discharge (m3 s−1)

I-Jurumirim 0.03 0.01 0.07 236 41 1135
II-Chavantes 0.03 0.01 0.1 324 85 1748
III-Canoas II 0.06 0.03 0.12 477 152 2326
IV-Capivara 0.05 0.01 0.11 1091 236 7763
V-Taquaruçu 0.05 0.01 0.11 1137 354 8149

VI-Rosana 0.05 0.01 0.15 1288 412 8202

3.2. Satellite-Based Turbidity Retrieval Model

Figure 3 presents the correlation between the surface reflectance at red wavelength and the
turbidity measurements recorded at the three monitoring stations (intermediate zone reservoir #I,
downstream reservoir #IV and downstream reservoir #VI) from June 2000 to December 2012. The mean
turbidity value was 8.0, the median was 6.0, and the standard deviation was 6.75 NTU (nephelometric
turbidity units). The minimum registered value was 1.9, and the maximum value was 48.0 NTU. For
this comparison, reflectance was assessed from the individual eight-day composites, and a virtual
station was defined over the station area. When cloud-free images were not available within the
seven days before or after the field sampling, the turbidity measurements were removed from the
analysis. A regression model was derived using the bootstrap resampling technique that involves
resampling of the dataset with repeated replacements to generate an empirical estimate of the sampling
distribution [56]. This technique proves particularly useful in cases where the sample data are
limited in order to construct confidence intervals for the regression parameters. Because MODIS
250-meter resolution mode offers only two radiometric bands, we chose to use a simple retrieval
model. Red wavelength has been shown to be sensitive to low to intermediate suspended sediment
concentrations. Consequently, we used the MODIS red band to develop an empirical model for the
moderately sediment laden waters of the Paranapanema River. A least squares regression showed
that an exponential model, turbidity = a.eb.Rs(Red), where Rs(Red) is the surface reflectance at red
wavelength from MOD09/MY09Q1 products, provided the best-fit values, with a = 2.45 ± 0.42 (95%
confidence interval) and b = 22.3 ± 2.8, which were calculated using 1000 bootstrap samples.Remote Sens. 2018, 10, x FOR PEER REVIEW  10 of 22 
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Figure 3. Turbidity as a function of the surface reflectance in the red wavelength range. The points
represent consistency between the field turbidity measurements and MODIS data between 2000 and
2012 for three different locations along the Paranapanema River.
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The retrieval model was validated against the independent turbidity dataset for which the
turbidity ranged from 1.1 to 87.1 NTU (N = 138). For cloud-free images acquired within the 7 days
before or after the field sampling, the satellite-derived turbidity estimates well matched the field
estimates, with a root mean square error of 9.5 NTU (N = 138) and a square Pearson correlation factor
of 0.75. Figure 4 shows the model performance over the validation dataset.
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set (N = 138).

3.3. Analysis of the Seasonal Turbidity Pattern Derived from Modis Images

Figure 5 shows the variations of remote sensing-retrieved turbidity, which was assessed 50 km
upstream of the Jurumirim Dam, and the daily water inflow into the reservoir between March 2000 and
December 2011. The turbidity was assessed using the retrieval model calculated in the previous section.
Error bars on the turbidity values were assessed using the 95% confidence interval estimates based
on the retrieval model parameters. The confidence interval on the turbidity estimates encompasses
different error sources, including mainly 1) reflectance variability induced by turbidity variability
within the virtual station area, especially during the most turbid events and 2) the reflectance/turbidity
model accuracy. For some dates, the confidence interval may be higher than the turbidity estimates
mainly because turbidity shows significant variation within the virtual station.

Water input was assessed by summing the flows at two stations maintained by the Duke Energy
Company, with both stations located upstream of the reservoir tail in the Paranapanema River
(Campina do Monte Alegre station) and Apiaí-Guaçu River (Buri station). Although these inputs
do not represent the entrance of all water into the reservoir, a good relationship was observed for
the lake water turbidity retrieved from satellite data. The maximum turbidity coincided with the
rainy season from October to March. Isolated increases in the water discharge during the end of the
rainy season from April to July generally did not result in turbidity increases. Overall, the lowest
turbidity levels coincided with the low water flow period. Figure S8 shows that the water discharge
and satellite-derived turbidity were significantly positively correlated over the twelve-year period,
with an adjusted R-squared value of 0.41 (N = 490).

Figure S9 presents another comparison of water input versus turbidity such as in Figure 5 but
for reservoir #IV and over a shorter time span of 3.5 years in order to better retrieve individual
events. The water turbidity was determined in the reservoir tail zone 63 km upstream of the dam.
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The water flow was estimated by summing the nearest upstream reservoir outflow (reservoir #III) and
the discharge from two local tributaries, the Laranjinha River at Santa Terezinha gauge and the Cinzas
River at Andirá gauge. Despite the distances from these water inputs, a coupled fluctuation generally
occurred between both variables. Again, good correlations were observed between the high flow
events and remote sensing-retrieved turbidity levels, especially at the beginning of the rainy period.
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Figure 5. Variation of river discharge and remote sensing-retrieved turbidity in the tail zone of reservoir
#I from 2000 to 2011.

3.4. Retrieval of the Spatiotemporal Sedimentation Patterns in the Jurumirim Reservoir

To apply remote sensing data to the study of reservoir dynamics, we performed an analysis of the
spatial and temporal variability of water turbidity retrieved by the satellite for reservoir #I. Ten virtual
stations based on approximately 6-km-long masks were created from the upstream to downstream
(Figure S7), and the monthly turbidity estimations were averaged over the entire period of study, from
June 2000 to March 2013.

Figure 6 presents the monthly averaged remote sensing-based turbidity from January to December
for six virtual stations (out of ten virtual stations created) distributed along the main axis of the
Jurumirim reservoir. This latter reservoir was selected because it allows detail in the monitoring and
analysis of the longitudinal changes in sedimentary processes, as it is one of the largest reservoirs along
the Paranapanema River main stream. The monthly averaged water inputs are also displayed on the
second vertical axis. A large spatial gradient is observed for the turbidity, especially during the rainy
season from October to March. As expected, the turbidity decreased sharply as the water flowed into
the lacustrine region of the reservoir; in addition, a sharp gradient was located in the upstream portion
of the lake, and the variations in turbidity were reduced in the last 22 km. The temporal variation
of the turbidity was obviously dependent on the water inflow from the upstream reservoir. Even a
minor variation in the water input during the rainy season was reflected in the temporal fluctuation of
the turbidity, such as during the small oscillation in water entrance from October to November and
from November to December. The rate of decrease of turbidity from the Jurumirim reservoir tail (J10)
downstream to the dam reservoir (J1) varies throughout the hydrological cycle. Three periods can
be discriminated: from December to March, at the time of the largest inflow to the reservoir, there is
an average turbidity decrease of 74%. From June to November, the period of lowest inflow to the



Remote Sens. 2019, 11, 314 12 of 22

reservoir, the average turbidity decrease is 42%. Finally, for intermediary flows, from April to May,
the average turbidity decrease is 59%.
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Figure 6. Water input and monthly averaged remote sensing-derived turbidity retrieved from 2000 to
2013 for six different virtual stations of reservoir #I. The distance of each virtual station to the reservoir
impoundment is expressed in kilometers.

To demonstrate the longitudinal sedimentation gradient within the reservoir, Figure 7 shows the
turbidity as a function of the distance from the dam to the beginning of the impoundment, which is 56
km upstream. A clear longitudinal gradient can be observed, and the decreased turbidity was much
less pronounced in the last 22 km of the reservoir. This result is consistent with general knowledge
of reservoir hydrodynamics, which predicts a decrease in water velocity and an increase in water
column depth as a function of distance within the reservoir. The strong turbidity gradient was greatly
influenced by the large area of the reservoir (449 km2) and long water residence time of 340 days.
A similar turbidity pattern was retrieved from previous field measurements [41] for variations in
suspended matter in this same reservoir as well as a significant decrease in nutrient concentration and
an increase in transparency in the vicinity of the dam zone in relation to the upstream measurements.
Field measurements of the sedimentation rates also demonstrated increased values in the upstream
compartments [57].

3.5. Dam Operation Demonstrated by Remote Sensing Analyses

The Paranapanema River is characterized by a succession of large-storage reservoirs and
smaller run-of-river reservoirs. Although the large impoundments significantly alter the natural
hydrodynamics of the river, the run-of-river projects usually preserve the natural flows. In this context,
we analyzed how the different impoundment types interfere with the sedimentation pattern, which is
similar to what was presented in the previous section for dam #1. Figure 8 shows the monthly turbidity
averages for each reservoir, and the dam and upstream zones were both considered. The calculated
mean, minimum and maximum turbidity values are summarized in Table 3.
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Figure 7. Monthly longitudinal variation of remote sensing-based turbidity in reservoir #1 (mean
values for 2000–2013).

Table 3. The mean, minimum and maximum turbidity calculated for all of the reservoirs.

Reservoirs Position
Turbidity Calculated (NTU)

Mean Mean Jan/Feb Minimum Maximum

I-Jurumirim Dam 4.7 4.4 2.9 12.5
Upstream 12.4 23.1 4.1 43.6

II-Chavantes
Dam 5.1 6.4 3.0 20.7

Upstream 8.8 11.2 2.9 41.2

III-Canoas II
Dam 10.0 15.3 4.4 37.3

Upstream 10.0 14.8 4.6 27.0

IV-Capivara Dam 8.4 10.0 3.1 31.3
Upstream 13.3 21.9 3.3 67.6

V-Taquaruçu Dam 10.0 12.1 4.1 41.6
Upstream 11.5 16.8 4.2 76.4

VI-Rosana
Dam 9.5 12.2 2.8 70.4

Upstream 11.2 14.8 3.8 51.2
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Figure 8. Monthly longitudinal remote sensing-based turbidity variation (2000–2013) in the
hydropower reservoirs of the Paranapanema River.

For most of the reservoirs, the upstream turbidity values are higher than those calculated for
the dam zone. A greater reduction in turbidity is observed for reservoir #I (−7.7 NTU), reservoir #II
(−3.7 NTU) and reservoir #IV (−4.9 NTU) compared with the mean interannual turbidity. The turbidity
reduction is much more limited for reservoir #II (0.0 NTU), reservoir #V (−1.5 NTU) and reservoir #VI
(−1.7 NTU).

There is a general and non-uniform increasing trend in turbidity along the river basin according to
the dam zone data, with mean interannual values ranging from 4.7 (reservoir #1) to 9.5 NTU (reservoir
#VI), although both are run-of the river dams.

In Figure 8, two sedimentation patterns can be clearly distinguished among the different reservoirs.
The first pattern presents large turbidity variations within the reservoir and corresponds to reservoirs
#I, #II and #IV. These three reservoirs are marked by long water residence times (Table 1) exceeding
100 days. In this configuration, a high sedimentation rate may be expected because of strong hydraulic
dam control. The second pattern presents low water turbidity variations across the reservoir main
axis and corresponds to reservoirs #III, #V and #VI. These impoundments are characterized by a low
water residence time between 7 and 17 days (Table 1), and they can be classified as run-of-river dams
that exhibit lower sedimentation processes and river flow control. Although the size of reservoir
#VI is between that of the major (#I and #II) and smaller (#III and #VI) impoundments, this reservoir
shows a pattern that justifies its classification in the run-of-river reservoir class. Indeed, this reservoir
shows a limited lateral extension and does not exhibit the dendritic spatial pattern typical of the large
impoundments. Furthermore, this reservoir is located in the last stretch of the river basin and receives
large water inflows of 1288 m3·s−1 on average.

3.6. Quantification of Reservoir Sediment Trap Efficiency

Reservoir trap efficiency is the percentage of incoming sediment deposited in a reservoir during
the hydrological cycle. It is a function of detention storage time, character of the sediment, nature
of the inflow, and other factors [48]. We analyzed if the spatial and seasonal pattern in the remote
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sensing derived turbidity can be quantified and provide robust estimates in relation to conventional
methods predicting the sedimentation/trap efficiency in the reservoirs. We computed (i) the empirical
trap efficiency for fine sediment TEFS from Equation (1) using hydrological data for each year from
2001 to 2012; (ii) the remote sensing-derived turbidity decrease index TDRS in each reservoir from
Equation (2) and from the reflectance time series and (iii) the remote sensing-derived TERS from
Equation (3) obtained from a, b, c, d parameters determined from the regression and for each year.
Figure S10 shows the TEFS and the TDRS for each reservoir and averaged over the 2001–2012 period.
Both TDRS and TEFS show similar behavior (r2 = 0.83) however systematic underestimations occur
in relation to the theoretical behavior of the TEFS. Figure 9 compares TEFS and TERS, expressed as a
percentage, for the six reservoirs as a function water residence time calculated for each year. The fitted
parameters for the TERS model were [0.6438; 24.4792; −61.5512; 43.8501] for [a, b, c, d] respectively.
TEFS and TERS agree well for the overall estimate (r2 = 0.90, N = 6) as well as for the annual estimates
(r2 = 0.66, N = 72, RMSE = 16.9%), with a rapid increase for the smallest residence times and a plateau
for the largest residence times of approximately 100 days.
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4. Discussion

Our results demonstrate the ability of MODIS images to monitor fine turbidity variations on a
long-term basis in reservoirs, even for low levels of turbidity of approximately 2 NTU. In particular,
the remote sensing-derived estimates and field datasets (Figure 3) present satisfactory consistency
considering the differences in terms of sampling areas. Compared with the conventional quarterly
sampling practice, satellite data can be used to monitor sedimentary processes with a much higher
frequency and can detect peak sedimentary fluxes associated with rapid flood events. Additionally,
MODIS data can be used to monitor water surface turbidity at both the reservoir and catchment scale,
thus demonstrating their suitability as a tool for river water monitoring and management. We showed
that the satellite images can provide consistent estimates of the sedimentation when compared with
conventional trap efficiency methods based uniquely on hydrological data (e.g., reservoir capacity and
inflow time series).

An high phytoplankton abundance (higher than 30 µg·L−1) can significantly reduce the accuracy
of SPM retrieval from reflectance in turbid inland waters characterized by heterogeneous SPM and



Remote Sens. 2019, 11, 314 16 of 22

Chl-a concentrations [19]. However, the chlorophyll values in the aquatic systems of the Paranapanema
basin are consistently low, generally around or lower than 3 µg·L−1. This pattern has been observed
for the entire reservoir cascade [42], including both storage and run-of-river reservoirs [58,59]. Even in
lateral lagoons where phytoplankton development is favored, the chlorophyll values remain between
2 and 3 µg·L−1 [60]. Under these conditions, we assume that phytoplankton does not significantly
alter the relationship between SPM and reflectance.

The influence of the lake bottom on satellite-retrieved reflectance may be a concern for shallow
water systems. The penetration depth is defined as the maximum depth from which an optical sensor
receives a detectable signal from a water body [61]. Practically, it is defined using the rate of decrease
of the downwelling irradiance, which is known to decrease in an approximately exponential manner
with depth. The penetration depth z90, i.e., the depth above which 90 percent of the upwelling
irradiance originates, has been defined by [62] as z90 = 1/Kd, where Kd is the downwelling diffuse
attenuation coefficient. Furthermore, [14] states that Kd and the Secchi depth (SD) are closely related,
with Kd = 1.44/SD. Consequently, z90 = SD/1.44. Based on eight sampling campaigns conducted
along the whole river stretch, a mean SD of 2.29 m was calculated [42], from which a mean z90 of
1.6 m was derived. The penetration depth is consequently much lower than the mean water depth,
which varies from 6 m to 21 m depending on the reservoir. Furthermore, the lake depth exhibits very
restricted variation (a few tenths of a cm) because the river flow is regulated for hydropower generation;
therefore, we conclude that the lake bottom may only alter the satellite-derived reflectance for the
pixels located along the shores that are automatically removed during MODIS image post-processing
with MOD3R as they present a signature mixed with that of the shores.

The remote sensing data indicated a global increase in water turbidity at the river surface from
upstream (reservoir #I) to downstream (reservoir #VI). This result may appear inconsistent with the
expected increase in sedimentation processes along the reservoir cascade. However, a longitudinal
increase in turbidity, chlorophyll and nutrients was observed in the water column and bottom
sediments of the Paranapanema River, which has been previously reported. [37,63] indicated that
mass transference processes can surpass sedimentation processes in the catchment because of the
increased agricultural activities/soil uses, especially in the middle and middle/lower stretches of
the basin, which cause an increase in suspended sediment discharge in the local drainage network
downstream of reservoirs #I and #II. The case of reservoir #III is interesting; it is located below two
major impoundments and a decrease in water turbidity would be expected in this latter reservoir.
Nevertheless, the remote sensing data indicated that there is an increase from 8.8 to 10 NTU, which
is likely caused by the entrance of the Pardo River into this reservoir. The Pardo River is a left-bank
medium-sized tributary of the Paranapanema River that drains areas recognized as highly sensitive to
erosion processes and intensive cultivation [64].

The Jurumirim Reservoir has been shown to be compartmentalized in riverine, transitional
and lacustrine functional zones. A strong sedimentation rate in the upstream segment and a mean
sedimentation rate of 4.71 mg·cm−2·day−1 was recorded during two field campaigns [57]. The same
authors showed a rapid reduction in the sedimentation rate in the riverine and most upstream
transition zones of approximately 66%. Near the reservoir dam, a mean sedimentation rate of
0.66 mg·cm−2·day−1 was measured [57]. In the lacustrine zone near the dam, the water transparency
was considerably high during most of the year, even in the rainy summers [65]. Secchi disk readings
reached 5.16 m, and only occasionally were lower than 2.0 m. These patterns are consistent with the
remote sensing-derived observations that show a stable turbidity zone near the dam and an abrupt
decrease of water turbidity in the transition zone during the rainy season (Figure 7).

In this article, we proposed a methodology to analyze the spatial and temporal variation of
turbidity across reservoirs from space in order to quantify sedimentation processes. The water body
is partitioned in consecutive virtual stations representing small buffer zones in order to cover the
riverine, transitional and lacustrine functional zones. The reflectance time series are averaged over
each buffer zone to retrieve the seasonal variation of the turbidity and as a function of distance within
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the reservoir. The rate of decrease of the turbidity assessed with remote sensing images TDRS has been
quantified with an index (Equation (2)) calculating the relative variation of the turbidity from the most
upstream to the most downstream virtual station in the reservoir. The TEFS and the TDRS are well
correlated over a large range of reservoir type/water residence times (from seven days to 340 days)
but the remote sensing-derived estimates show systematic underestimation.

Because solar light does not penetrate beyond a depth of several meters in the water column,
satellite images exclusively record the water quality at the lake surface and are not necessarily
representative of all water column properties. Stratification processes within the reservoir that depend
on environmental conditions (wind, incoming solar radiation, water and air temperatures) limit vertical
water fluxes within the reservoir and may control the depth at which the river water plunges into
the reservoir transition region [66]. Consequently, the turbidity decrease retrieved from satellite data
do not capture all of the sediment fluxes because a portion of the river suspended sediment may
enter through interflow (e.g., beneath the light penetration depth) according to the environmental
conditions or through bottom flow for coarser material (e.g., sand). Because the satellites cannot see all
the input sediment discharge from the monitoring of the water surface, it likely explains the systematic
underestimation of the TDRS index in relation to conventional trap efficiency modeling.

Although the TDRS index underestimates the TEFS, both estimates are well correlated confirming
that the satellite-based turbidity provide representative assessment of the sedimentation processes
within reservoirs for fine sediment. Indeed, sediment transport in river systems in turbulent flows
predict a relatively constant vertical distribution of the fine-grained size sediment fraction in the water
column [52], meaning that surface concentration is generally well correlated with the column integrated
mean suspended sediment concentration. It is worthwhile noting that Equation (1) represents a
simplified model of the sediment transport in reservoir that does not consider additional sediment
inputs from local tributaries entering in different parts of a reservoir. Local inflows and sediment inputs
may experience lower residence times compared with the water entering through the river mainstream,
and this inconsistency may reduce the effective reservoir trap efficiency in comparison to the modeled
one. The TERS index was defined to correct the TDRS bias and was built using the same empirical
equation that [53] used to model the relationship between water residence time and trap efficiency
observed by [49]. Using regression analysis, TERS matched well the TEFS and made possible to retrieve
the sedimentation interannual variability that is driven by multiple factors that are hardly represented
by empirical models uniquely based on hydrological data. In particular, TDRS and TERS variability
is probably linked with additional factors such as lateral inflows from ungauged rivers, varying
particle size distribution during flooding events from the upstream inflows or flushing operations
from upstream reservoirs. These additional factors are of great interest for reservoir sustainable
management and further work is needed to fully assess the dependency of the TERS to hydrological
and sedimentological characteristics of the river and reservoirs.

Medium resolution sensors offering near-daily global coverage such as MODIS, Sentinel-3 or
VIIRS appear very well adapted to follow most important sediment discharge events that usually
occur during period marked by strong cloud coverage. The period over which most of the sediment
discharge is transported in a river system is usually very short. [67], for example, assessed that 40 to
80% of annual suspended sediment fluxes occurred within 2% of the time in four different catchments.
The ability to capture, very frequently, the river and reservoirs for turbidity assessment is consequently
a major constrain for the selection of an adequate spaceborne sensor.

However, the coarse spatial resolution of medium resolution sensors such as MODIS images
(at best 250 m) makes it difficult to monitor the most upstream sections of the reservoirs, which
are generally less than 100 m wide. Consequently, the most upstream virtual station usually
does not match the exact region where the river waters enter the reservoir lake (see Figure S1 for
reservoir #I), possibly causing an underestimation of the sediment inflow to the reservoir. The use of
higher-resolution satellite data that provide complete images of the riverine region of a reservoir would
overcome this limitation. However, the revisiting frequency of the sensors offering spatial resolutions
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between 10 m and 30 m (e.g., Landsat-8, Sentinel-2, etc.) is at best a few days and is likely inadequate
to catch the water bodies with sufficient frequency during the strongest sediment discharge events.

The synoptic coverage offered by satellite data, in particular with medium resolution sensors,
brings an unprecedented knowledge on fine sediment transport in reservoirs in comparison to
conventional sedimentary surveys. These conventional measurements are realized through annual or
multiannual bathymetric measurements or quarterly to monthly water sampling in most reservoirs
across the world. Consequently, the availability of remote sensing images from near-daily to monthly
resolution, taking into consideration only the cloud-free images, improves the assessment of the
sediment input and distribution within reservoirs during the most important sediment discharge
events that are hardly caught by field measurements. The spatial coverage offered by the satellite data
is of particular interest for the large reservoirs that are not surveyed with the necessary frequency
because of the time-consuming and very costly field conventional measurements. Finally, the use
of remote sensing-based methods for sediment trap efficiency assessment would support a global
assessment of reservoir sedimentation in major reservoirs, representing thousands of lakes across the
world [9].

5. Conclusions

MODIS satellite data delivered a robust turbidity assessment over a 700-km long river transect,
identifying extreme sediment discharge events occurring from daily to annual scales. By analyzing
the turbidity pattern variability in each reservoir, we retrieved the sedimentation pattern at the water
surface, allowing us to discriminate run-of-river reservoirs with shorter water residence time from
larger reservoirs operating for flow control and exhibiting higher residence times.

The reduction in turbidity assessed from space presented a good relationship with conventional
sediment trapping efficiency calculations, demonstrating the potential of this technology for
operational sedimentation monitoring in reservoirs across large catchments.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/11/3/314/s1,
Figure S1. Above: MODIS virtual station locations showing the two masks representing the most upstream and
downstream areas considered for the Jurumirim reservoir. The distance between two virtual stations is of 50 km.
Below: location of the MODIS 250-m pixel centers (yellow points) within each mask. MOD3R retrieval procedure
used in this study eliminates automatically mixed pixels based on their spectra values at red and near-infrared
channels.S1: title, Figure S2. Above: MODIS virtual station locations showing the two masks representing the
most upstream and downstream areas considered for the Chavantes reservoir. The distance between two virtual
stations is of 33 km. Below: location of the MODIS 250-m pixel centers (yellow points) within each mask. MOD3R
retrieval procedure used in this study eliminates automatically mixed pixels based on their spectra values at
red and near-infrared channels, Figure S3. Above: MODIS virtual station locations showing the two masks
representing the most upstream and downstream areas considered for the Canoas II reservoir. The distance
between two virtual stations is of 13 km. Below: location of the MODIS 250-m pixel centers (yellow points) within
each mask. MOD3R retrieval procedure used in this study eliminates automatically mixed pixels based on their
spectra values at red and near-infrared channels, Figure S4. Above: MODIS virtual station locations showing
the two masks representing the most upstream and downstream areas considered for the Capivara reservoir.
The distance between two virtual stations is of 50 km. Below: location of the MODIS 250-m pixel centers (yellow
points) within each mask. MOD3R retrieval procedure used in this study eliminates automatically mixed pixels
based on their spectra values at red and near-infrared channels, Figure S5. Above: MODIS virtual station locations
showing the two masks representing the most upstream and downstream areas considered for the Taquaruçu
reservoir. The distance between two virtual stations is of 12 km. Below: location of the MODIS 250-m pixel centers
(yellow points) within each mask. MOD3R retrieval procedure used in this study eliminates automatically mixed
pixels based on their spectra values at red and near-infrared channels, Figure S6. Above: MODIS virtual station
locations showing the two masks representing the most upstream and downstream areas considered for the
Rosana reservoir. The distance between two virtual stations is of 20 km. Below: location of the MODIS 250-m pixel
centers (yellow points) within each mask. MOD3R retrieval procedure used in this study eliminates automatically
mixed pixels based on their spectra values at red and near-infrared channels, Figure S7. Virtual stations created
along reservoir I (Jurumirim Reservoir), which were used to process the MODIS eight-day composite image
time series, Figure S8. Variations in the river discharge and remote sensing-retrieved turbidity in the tail zone
of reservoir #I from 2000 to 2011, Figure S9. Variation in the river inflow and satellite-derived turbidity for the
Capivara Reservoir, Figure S10. Comparison between the sediment trapping efficiency TEFS assessed using
Equation (1) and the remote sensing-retrieved turbidity decrease TDRS, calculated using Equation (2), for the 6
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reservoirs studied and for the period of observation. The error bars stand for the standard deviation of all years
from 2001 to 2012.
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