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A B S T R A C T

Previous studies have shown the challenges in using a single model to estimate chlorophyll-a concentration (Chl-
a) in water bodies with widely differing characteristics. A single model based on remote sensing to map the Chl-a
distribution across the entire Tietê River Cascade System (TRCS) serves as a cost and time-efficient alternative to
the conventional monitoring by providing trophic status over space and time. The Tietê River contains one of the
largest cascade reservoir systems in the world, which sustains important ecological and socio-economic activities
in the São Paulo State, Brazil. Surplus nutrients in water draining its surrounding catchments have been the main
cause of eutrophication in the reservoirs of the TRCS. To assess the trophic state of the reservoirs, Chl-a has been
regularly monitored by sampling points. However, they are limited by operational costs and dependent on
weather conditions. Moreover, the current sampling method only produces point-based measurements. In this
paper, we calibrate remote sensing images based on the absorption coefficient to map the spatial distribution
patterns of Chl-a levels in the reservoirs. Mapping is done by estimating the Chl-a concentration. The absorption
coefficients were retrieved from OLI/Landsat images using the Quasi-Analytical Algorithm (QAA). The total
absorption (at) in 482 nm and 655 nm retrieved by QAA presented NRMSE of 17% and 18.5%, respectively. Both
at (482 and 655 nm) were used in the model calibration and presented a satisfactory result covering all data
ranges, with R2 of 0.646 and NRMSE of 15.3%. The proposed model in this study to retrieve Chl-a maps with
relatively high accuracy can be incorporated into the operational monitoring system of the TRCS at a low cost
that can provide timely information for reservoir managers to carry out necessary actions. This may include
mitigating environmental impacts caused by sudden algae blooms.

1. Introduction

The Tietê River, composed of six hydroelectric reservoirs in the São
Paulo State: Barra Bonita (BB), Bariri (BAR), Ibitinga (IBI), Promissão
(PR), Nova Avanhandava (NAV) and Três Irmãos, is one of the largest
reservoir cascade in the world. It stores about 29 billion m3 of water
(AES, 2020; FURNAS, 2020). According to Tundisi et al. (1991), this
cascade of reservoirs is both ecologically and socio-economically cru-
cial. It not only provides nutrient and phosphorous necessary to sustain
the aquatic communities and houses rich biodiversity (Tundisi et al.,
2008; Padisák et al., 2000), but also supplies water to the extensive
agricultural, industrial sectors and large population in the Sao Paulo
State (Ussami and Guilhoto, 2018; Soares et al., 2017; Rodrigues et al.,
2014). Therefore, management of the water quality in the reservoirs
along the Tietê River is a critical issue to the local populations. Satellite

and in situ remote sensing have been effectively used to monitor the
water quality in the Tietê River Cascade System (TRCS) by quantifying
parameters such as chlorophyll-a (Chl-a) (Andrade et al., 2019;
Watanabe et al., 2019, 2016), suspended particulate matter (SPM)
(Bernardo et al., 2019a, 2016; Rodrigues et al., 2017a), colored dis-
solved organic matter (CDOM) (Watanabe et al., 2018; Alcântara et al.,
2016a), and aquatic vegetation (Rotta et al., 2018, 2019).

The increase in the nutrient loadings has been identified as the
primary cause of eutrophication in many reservoirs worldwide (e.g. He
et al., 2011; Karadžić et al., 2010; Kim et al., 2001; Smith et al., 1999;
Tundisi et al., 1993). In case of the Barra Bonita reservoir in the TRCS,
the increase in eutrophication during the last 20 years has adversely
affected the primary productivity of phytoplankton, the bacter-
ioplankton and zooplankton communities, as well as the trophic
structure in Barra Bonita reservoir (Tundisi et al., 2008). The main
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source of the surplus nutrients into the Tietê reservoirs include point
sources, such as industrial and domestic sewage, and diffuse sources
from agricultural activities (Abe et al., 2009; Rodgher et al., 2005;
Tundisi et al., 1991). According to Kirk (2011), the concentration of
photosynthetic pigments (such as chlorophylls) in the waterbody can be
affected by environmental variables such as nitrogen concentration and
light availability. For that, the Chl-a has been considered as a proxy to
directly identify the trophic state in several reservoirs around the world
(Yoon et al., 2019; Zhang et al., 2016, 2009; Watanabe et al., 2015).
Mapping Chl-a concentration, therefore, can inform water resources
managers in controlling the reservoir flows, intervening with actions to
prevent and mitigate its environmental, economic, and social effects.

Empirical and semi-empirical models based on reflectance from
remote sensing data have been used to map the Chl-a concentration in
inland waters (Watanabe et al., 2019; Bohn et al., 2018; Duan et al.,
2010; Dall’Olmo and Gitelson, 2005; Kallio et al., 2003; Oki and
Yasuoka, 2002). Empirical models based on OLI/Landsat-8 to estimate
Chl-a and trophic state of Barra Bonita reservoir were evaluated by
Watanabe et al. (2015). Watanabe et al. (2015) demonstrated that
several calibrations proposed in the literature did not obtain satisfac-
tory results for Barra Bonita, and they suggested a further investigation
of other approaches, such as semi-analytical and QAA to estimate Chl-a.
Cairo et al. (2020) proposed a hybrid approach to estimate Chl-a in the
Ibitinga reservoir. They verified that the algorithms applied to estimate
Chl-a have better performance when calibrated for a specific Chl-a
range. The development of the hybrid approach has been limited to the
data used in the study and it was suggested that aquatic systems with
different conditions should be incorporated into the dataset to be more
representative of tropical regions (Cairo et al., 2020). The Chl-a in a
cascading reservoir (Barra Bonita, Bariri and Ibitinga) was estimated
based on spectral indexes on MSI/Sentinel-2 images (Watanabe et al.,
2019). According to Lee et al. (2002), empirical algorithms are nor-
mally appropriate for waters with optical characteristics similar to
those used in the algorithm development. This limits applicability to
different water types and can result in significant errors. To overcome
this limitation, Lee et al. (2002) proposed the Quasi-Analytical Algo-
rithm (QAA), which was developed to retrieve the absorption (a, m−1)
and backscattering (bb, m−1) coefficients from remote sensing re-
flectance (Rrs, sr-1) of optically deep waters (Lee et al., 2002). a and bb
are the most significant factors affecting light propagation through the
water columns, playing indispensable roles in the estimation of aquatic
biomass, primary production, and carbon pools (Li et al., 2013). Ac-
cording to Mishra et al. (2014), the advantage of the QAA is that it does
not require spectral models of the absorption coefficient of phyto-
plankton, non-algal particulates, and CDOM (aϕ, aNAP, and aCDOM, re-
spectively) for the derivation of total absorption (at).

According to Li et al. (2013), the development of a model for esti-
mating inherent optical properties (IOPs) and Chl-a is important for
understanding the bio-optical properties and occurrence of algal
blooms in eutrophic reservoirs, lakes and estuaries. They first proposed
a model to estimate Chl-a based on absorption coefficients that resulted
in R2 of 0.929 and mean relative error of 21.65%, using the samples
collected across eight different reservoirs over different seasons. Le
et al. (2009) calibrated and validated a QAA for the highly turbid water
of Taihu Lake in the lower Yangtze River in China. They suggested that
the seasonal and regional remote sensing data are necessary for using
the QAA algorithm in different optical property waters.

The Operational Land Imager (OLI) onboard Landsat-8 has been
previously used to retrieve IOPs using QAA. Lee et al. (2016) first used
OLI data to estimate the Secchi-disk depth relied on absorption and
backscattering coefficients using QAA over a turbid estuarine area.
They found that the spectral resolution of the OLI bands Landsat-8 was
adequate for the estimation of the Secchi-disk depth in Jiulongjiang
River estuary, in China. Rodrigues et al. (2017b) evaluated the per-
formance of deriving the Secchi-disk depth using a semi-analytical
scheme based on QAA and OLI/Landsat-8 bands. A QAA-based model

was parameterized by Alcântara et al. (2016b) to estimate the SPM
concentration using the OLI/Landsat-8 in the Itumbiara hydroelectric
reservoir in Brazil.

A few studies have used QAA based on Landsat data to estimate Chl-
a concentration in inland waters. However, it has been reported that the
lack of a 412 nm band restrains the use of this sensor for the analytical
derivation of light absorption coefficients for phytoplankton, CDOM,
and detritus (Wei et al., 2019). Furthermore, QAA parameterization of
one aquatic environment may not be suitable for use in another en-
vironment where general optical characteristics are different. Existing
and re-parameterized QAA versions were assessed by Andrade et al.
(2019) to obtain Chl-a concentration in Ibitinga Reservoir through
models based on absorption coefficients (Watanabe et al., 2016; Le
et al., 2013), derived of two, three and four bands, and Normalized
Difference Chlorophyll Index (NDCI) indexes (Le et al., 2013; Mishra
and Mishra, 2012; Gitelson et al., 2008). QAA versions re-para-
meterized for other reservoirs in the same cascading system such as
Nova Avanhandava (Rodrigues et al, 2018) and Barra Bonita (Watanabe
et al., 2016) were not suitable for Ibitinga. According to Rodrigues et al.
(2020), BB can be considered phytoplankton-dominated water while
NAV was inorganic matter-dominated water. The different optical and
biogeochemical characteristics between the reservoirs does not allow
for the use of a single estimation model (Andrade et al., 2019).
Therefore, the use of a single model to estimate Chl-a concentration in
water bodies with very different environment characteristics is still a
challenge and it can bring significative contributions to the monitoring
of trophic status in inland waters by remote sensing, especially in large
cascading reservoir systems, such as TRCS.

In this paper, we demonstrate the use of IOPs, such as the absorption
coefficient, in modeling Chl-a concentration that can be applied in the
entire TRCS. Our main objective, therefore, is to calibrate an IOP-based
model to estimate the Chl-a concentration of the reservoirs from the
TRCS. For that, IOPs were retrieved from OLI/Landsat images using
QAA. Our research also presents inaugural suitability of a single semi-
analytical model to retrieve Chl-a concentration for a cascade of re-
servoirs with widely differing limnological characteristics. Another
novel aspect of our approach is the use of OLI data, which has limited
spectral resolution. We found that the absorption coefficient retrieved
from OLI using QAA provided results with sufficient accuracy to be used
in the Chl-a model calibration for the entire cascade.

Although the State of São Paulo Environmental Company (CETESB)
regularly monitors the Chl-a concentration through sampling in the
reservoirs in TRCS, field sampling is often limited by the operational
cost and dependent on weather conditions. Therefore until now the
trophic state could be assessed only in part of the TRCS based on a few
point-based samples, and obtaining spatially distributed information on
the trophic state overtime remains a challenge. Therefore, a single
model based on remote sensing to map the Chl-a distribution across the
entire reservoir cascade will be an efficient alternative to the conven-
tional monitoring by providing the trophic status over space and time
(even in a near-real-time). We expect that our findings can be readily
incorporated into the operational monitoring system of the TRCS at a
low cost. It can also provide timely information to reservoir managers
to execute necessary actions such as mitigating environmental impacts
caused by an algae bloom.

2. Materials and methods

2.1. Study area and field campaign

Sampling points were selected in seven field campaigns across the
Nova Avanhandava (NAV), Ibitinga (IBI), Bariri (BAR), Barra Bonita
(BB) reservoirs (Fig. 1). At each sampling point, radiometric data and
water samples were collected. A total of 120 samples were collected for
the model calibration: 18 sample points from BB, collected on May 5–9,
2014; 36 sample points from BAR, collected on August 15–18, 2016 and
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June 23–24, 2017; 31 sample points from IBI, collected on July 19–23,
2016 and June 21–22, 2017; and 35 sample points from NAV, collected
between April 28 and May 2, 2016 and September 24–26, 2014.

The reservoirs of the Tietê river form a cascade system built since
the late 1960s to meet the fast-growing energy demand of this highly
populated region. These sequential dams modify the water retention
time of continuous rivers and alter the water components from up-to-
downstream (Barbosa et al., 1999). The water quality improves from
the upstream (BB) to downstream of the Tietê cascade system (Smith
et al., 2014; Bernardo et al., 2019b). The first reservoir (BB) is located
in a transitional region between tropical and subtropical climate, with
the dry period between May and October and the wet period between
November and April (Watanabe et al., 2016). The reservoirs are cur-
rently used for power generation, navigation, fishing, water supply,
irrigation, etc.

The Tietê River watershed has about 29 million inhabitants, and
near the metropolitan regions of São Paulo and Campinas are located
the majority of irregular effluents discharge. Thereby, the water flow in
the Tietê system is insufficient to assimilate the effluent generated by
the high population contingent (ANA, 2017). According to Smith et al.
(2014), the Tietê River receives significant amount of nutrients (Ni-
trogen and Phosphorus) from fertilized soil mainly by sugar cane crops
near the reservoirs. Bernardo (2019) verified that in upstream of the
Tietê river watershed has high number of industrial as artificial areas,
responsible for high levels of sewage discharges. Besides, agriculture
and pasture were verified as the main economic activities in down-
stream regions.

The state is divided into several Water Resources Management Unit
(UGRHI) (CETESB, 2017). BB is formed by the union of two rivers, Tietê
river (lower tributary) and Piracicaba river (upper tributary). Thereby,
BB integrates two, UGHRI-5 (Rio Piracicaba) and UGHRI-10 (Rio Tietê).
IBI and BAR are the smallest reservoirs in the cascade and they are
located in the same management unit, UGRHI-13. PR is part of the

UGRHI-16. Finally, NAV is located in UGRHI-19.
Each reservoir presents a combination of lentic and lotic char-

acteristics. Thus, a better analysis can be made based on water retention
time. The size (volume), operation (Storage or run-of-river) and need
for water by the hydroelectric power plant can impact the water re-
tention time in these aquatic systems. The retention time in BB is
37–137 days, in BAR is 7–24 days, in IBI is 12–43 days, in Promissão is
124–458 days, and in NAV is 32–119 days (Barbosa et al., 1999). The
retention time is also influenced by weather and seasonal conditions.
BB (volume of 3,622 × 106 m3) and Promissão (7,408 × 106 m3) are
storage reservoirs, and BAR (607 × 106 m3), IBI (981 × 106 m3) and
NAV (2,720 × 106 m3) are run-of-river reservoirs (https://www.
aestiete.com.br/en/).

2.2. Laboratory analysis

Chl-a concentration was determined through filtration of water
samples collected in situ on Whatman GF/F filter (GE Healthcare,
Chicago), with a pore size of 0.7 μm, and method of Chl-a extraction in
90 acetone solution as proposed by Golterman et al. (1978). aϕ, aCDOM
and aNAP also were estimated in the laboratory through water samples.
To determine both aϕ and aNAP, we adopted the Reflectance-Transmit-
tance method developed by Tassan and Ferrari (2002), Tassan and
Ferrari (1998), Tassan and Ferrari (1995). Readings of reflectance and
transmittance of the Whatman GF/F filters with retained material were
done in a UV–VIS 2600 spectrophotometer (Shimadzu, Kyoto, Japan),
with dual-beam mode and integrating sphere. In turn, aCDOM was de-
termined by using the method proposed by Bricaud et al. (1981). Water
samples were filtered on polycarbonate filters (GE Healthcare, Chi-
cago), with 0.2 μm pore size, and absorbance measurements of water
filtered were read in a UV–VIS 2600 spectrophotometer, with single
beam mode, and 1 cm cuvette. Ultrapure water was used as a blank
reference.

Fig. 1. Sampling points in the TRCS in the State of Sao Paulo. Reservoirs: Nova Avanhandava (NAV), Promissão (PR), Ibitinga (IBI), Bariri (BAR) and Barra Bonita
(BB). The longitudinal profile calculated from the SRTM DEM along the Tietê River shows the reservoir cascades and impounded the water body with no slope. We
used the MODIS-driven annual land cover product of 2019 (MCD12Q1 v006, 500 m) as a background layer with 45% transparency.
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2.3. Radiometric data

Radiometric data (radiance and irradiance) were collected using
TriOS/RAMSES (ACC-VIS and ARC-VIS) optical sensors (http://www.
trios.de; Rastede, Germany). The sensors have 190 channels between
320 and 950 nm wavelength, and spectral sampling is at 3.3 nm with
length accuracy of 0.3 nm. The viewing geometry of sensors was
adopted accordingly to Mobley (1999) and the remote sensing re-
flectance (Rrs) was be calculated based equation:

=
×

R
L L

E
( , , )

( , , ) ( , , )
( )rs

t sky

d (1)

where, Lt is the total radiance, which represents the sum between the
water-leaving radiance (Lw) and the surface-reflected radiance (Lr); Lsky
is the sky radiance; ρ is defined as the ratio between Lr and Lsky from one
direction, and Ed is the incident irradiance on the water surface. The Rrs
was calculated as proposed by Lee et al. (2010), in which the spectral ρ
variation was considered.

In situ Rrs data was resampled to represent OLI/Landsat-8 bands: B1
(Central λ = 443), B2 (Central λ = 482), B3 (Central λ = 561) and B4
(Central λ = 655). The relative spectral response of each OLI/Landsat 8
band (Barsi et al., 2014) was used to simulate the bands.

=
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where Rrs
OLI is the convoluted in situ Rrs for OLI bands; SRF is the spectral

response function for each band; λmax and λmin are the longer and
shorter wavelengths in each band, respectively.

2.4. Quasi-Analytical Algorithm

The QAA (Lee et al. 2002) has provided satisfactory results in esti-
mating the at and aϕ in aquatic environments with different optical
characteristics. We tested the QAA version 5 (QAAv5, Lee et al., 2009)
and QAATRCS (Bernardo et al., 2019a) to estimate the at and aϕ from the
study area. The QAATRCS was parameterized to estimate the SPM con-
centration in the entire TRCS based on OLI/Landsat-8 bands. Reference
wavelengths (λ0) are different for QAAV5 (λ0 = 560 nm) and QAATRCS

(λ0 = 655 nm). Bernardo et al. (2019a) recommend the use of 5 or 2 as
a multiplication factor in the denominator of χ, depending on the tur-
bidity of the environment. However, we decided to use only one value
(α = 5), since the need for a priori turbidity information could hinder
the systematic use of the proposed model in the future. Remote sensing
reflectance below the water surface (rrs) was calculated following Wang
et al. (2017).

The QAA requires the spectral band at 412 nm to retrieve the aϕ,
which OLI/Landsat-8 does not have. To overcome this limitation, we
used the method proposed by Wei et al. (2019). These authors devel-
oped an algorithm to estimate the band at 412 from OLI bands B1, B2,
B3 and B4. They assessed the model performance based on in situ
measurements from different waters around the world, and it was found
that the estimated band at 412 nm using their approach presented a
median absolute percentage difference of ~9% (Wei et al., 2019).

2.5. Calibration of Chl-a model

We calibrated models to estimate Chl-a based on at and aϕ by QAAV5

and QAATRCS from in situ radiometric data (Simulated OLI bands). Chl-a
collected in the field campaigns were used in semi-analytical modeling.
Least-square method was used to fit the relationship between at and aϕ

with Chl-a. The validation was conducted using the Leave-One-Out
Cross Validation (LOOCV, Arlot and Celisse, 2010; Stone, 1974). The
accuracy assessment of Chl-a algorithms was performed using R2, Root
Mean Square Error (RMSE, Eq. (3)), Normalized RMSE (NRMSE, Eq.
(4)), Bias (Eq. (5)), and Nash–Sutcliffe model efficiency coefficient

(NSE, Eq. (6)).
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where, yi
E is the estimated value for the i observation; yi

M is the mea-
sured value for the i observation; ymax is the maximum measured value;
ymin is the minimum measured value, and yaverage

M is the average of
measured values.

2.6. OLI/Landsat-8 selection and trophic state

The field campaigns carried out in IBI (July 19–23, 2016) and BAR
(August 15–18, 2016) were used as a reference to select the OLI/
Landsat-8 images. Three Landsat scenes were necessary to cover the
entire study area. Although we did not collect field data from the
Promissão reservoir (PR), Chl-a in this reservoir was also estimated
because it is located in the same scene as IBI and BAR. It is also located
between the two reservoirs with field data (IBI and NAV). Landsat-8
Level-2 products version 6 (Surface Reflectance) images of the selected
dates were downloaded from the USGS Earth Explorer (https://
earthexplorer.usgs.gov/). The first scene contained BB and it was ac-
quired on July 30, 2016 (path 220 and row 76); the second scene
contained IBI, BAR and PR, it was acquired on August 6, 2016 (path
221 and row 75); the NAV was contained in the last scene acquired on
August 13, 2016 (path 222 and row 75). Those scenes were selected to
be closest to the reference date (July–August 2016), as long as it did not
contain clouds.

The QAA was applied for each pixel from the OLI images to obtain at
and aϕ. After that, the calibrated model with the highest performance
was applied to the images with a values to retrieve the Chl-a con-
centration of the Tietê River reservoirs. Based on the Chl-a values, the
trophic state of each reservoir was classified based on Table 1.

3. Results and discussion

3.1. Spectral variability

The in-situ datasets of Rrs are shown in Fig. 2. Different magnitudes
through the Rrs spectra are largely caused by the varying concentration
of OSCs. The green (500–600 nm) and NIR bands (> 700 nm) are the
ranges most sensitive to SPM. A high level of CDOM displaces the
550 nm-Rrs peak toward 600 nm, as observed during the field surveys in
BAR and IBI. A marked peak of Rrs near 550 nm is correlated with the
relatively high SPM concentrations. A smaller peak around 650 nm in
some curves also indicates the presence of phycocyanin, caused by the
absorption feature near 620 nm and 670 nm, due to Chl-a (Gitelson,

Table 1
Trophic state classification for reservoirs. Adapted from CETESB (2017).

Trophic classification Chl-a (mg m−3)

Ultraoligotrophic Chl-a ≤ 1.17
Oligotrophic 1.17 < Chl-a ≤ 3.24
Mesotrophic 3.24 < Chl-a ≤ 11.03
Eutrophic 11.03 < Chl-a ≤ 30.55
Supereutrophic 30.55 < Chl-a ≤ 69.05
Hypereutrophic 69.05 < Chl-a
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1992).

3.2. QAA assessment

The band centered at 412 nm was used to retrieve aϕ from QAA. The
reflectance of this band (412 nm) was estimated based on OLI/Landsat-
8 bands using the algorithm proposed by Wei et al. (2019). The vali-
dation for this approach is shown in Fig. 3.

The assessment of the QAA performance was conducted by com-
paring the estimated values by the QAA (TRCS and V5) at each band-
width with the absorption values measured in the laboratory (Table 2).

In general, the at values were better estimated using the QAATRCS,
whereas the QAAV5 was better for estimating aφ. The band at 412 nm
resulted in the lowest at values, with NRMSE of 22.8% and 35.5% for
QAATRCS and QAAV5, respectively. The lowest aφ values were presented
in the band at 561 nm, with NRMSE of 45% for QAATRCS and 21.5% for
QAAV5. NRMSE below 20% were shown for the four bands between 443
and 655 nm using QAATRCS to estimate at. NRMSE below 16% were
presented for aφ using QAAV5, with the exception of the band at
561 nm.

3.3. Chl-a model calibration and validation

Table 3 shows the correlation (r) and the determination coefficient
(R2) of linear and exponential models in estimating Chl-a based on the
at and aφ from QAATRCS and QAAV5. In all cases, models based on at or
aϕ (QAATRCS or QAAV5) at 655 nm showed an excellent model fit, with r
and R2 for the linear regression greater than 0.787 and 0.619, respec-
tively. This high correlation is related to the greater radiation

absorption by the phytoplankton at the spectrum region near 655 nm.
Although absorption around 482 nm is more related to the chlorophyll-
b, absorption at 482 nm showed a high value of r (> 0.77) and R2

(> 0.60) for both linear and exponential models, using both QAATRCS

or QAAV5.
It is worth mentioning that in order to retrieve the aϕ through QAA,

it is essential to estimate the reflectance at 412 nm, since OLI/Landsat
sensor does not provide this band. Despite the high accuracy of this
adopted procedure to interpolate the band at 412 nm (Fig. 3), this step
may introduce uncertainties in the calibration process of modeling Chl-
a. Hence, we decided to select a Chl-amodel using the at, since the band
at 412 nm is not necessary to estimate at, based on QAA. In addition, r
and R2 values of aϕ, shown in Table 3, were not substantially higher
than the values of at. The QAATRCS showed lower errors when esti-
mating at for all bands, in contrast to the QAAV5, as shown in Table 2.
The at (482 nm) and at (655 nm) estimated by QAATRCS (at

482 and at
655,

respectively) showed better results in estimating Chl-a from the TRCS
(Table 3). The high correlation between Chl-a and at

482 and at
655 con-

firms that the phytoplankton absorbs much of the radiation near these
regions of the spectrum. According to Gitelson (1992), there is strong
absorption by both Chl-a and CDOM between 400 nm and 500 nm, and
high absorption by Chl-a near 675 nm. Therefore, the Chl-a model
based on both at

482 and at
655using QAATRCS was tested in this study

(Fig. 4).
The linear model based on at

482 + at
655(QAATRCS) generated

R2 = 0.62. The exponential model based on at
482 + at

655 (QAATRCS)
showed promising results with r and R2 of 0.790 and 0.646, respec-
tively. Nevertheless, one issue with the linear model is that a reservoir
with low at (i.e., at

482+at
655lower than ~1.5 m−1), such as Nova

Avanhandava, could result in negative values of Chl-a concentration (C,
mg m−3). Therefore, the exponential model based on at

482 +
at

655(QAATRCS) (Eq. (7)) was chosen to estimate the C from TRCS using
OLI/Landsat-8. The error analysis results are shown in Table 4.

= +C e0.2329 a a2.3341( )t t
482 655 (7)

where C is the Chl-a concentration (mg m−3); at
482(m−1) and at

655

(m−1) are total absorption coefficients at bands 482 nm and 655 nm
based on QAATRCS, respectively.

The Chl-a concentration estimated in this study resulted in a rea-
sonable error, with NRMSE of 15.3%. A negative bias of 7.22 mg m−3

was observed, i.e., indicating a slight underestimation in Chl-a values.
The NSE based on all data points presented the best value (0.49), since
NSE = 1 corresponds to a perfect agreement between observed and
estimated data. The model validation for individual reservoirs showed a
range of errors. NAV presented lower RMSE (4.2 mg m−3). It is known
that NAV is a clear water reservoir with low Chl-a content (and thus low
range); thereby, a small error in the Chl-a estimates from NAV can
result in a significant relative error (NRMSE = 23.8%). BB presented
the highest RMSE (80.2 mg m−3), followed by BAR (48.7 mg m−3), and
IBI (23.5. mg m−3). According to Alcântara et al. (2016c) the highest
error observed for BB can be explained by the phytoplankton package

Fig. 2. In situ Rrs and laboratory at from sample points at BB, BAR, IBI and NAV.

Fig. 3. Validation of the estimated band at 412 nm.

L. Rotta, et al. Ecological Indicators 120 (2021) 106913

5



effect, which is a physiological strategy for large phytoplankton species
that reduces the absorption spectra. The Chl-a measured in the field (Y
axis in Fig. 4) showed the decreasing values in the following order: BB,
BAR, IBI and NAV. This indicates that the calibrated model may gen-
erate lower RMSE if the Chl-a range is low, and higher RMSE when the
Chl-a range is high. Nevertheless, the NRMSE indicates the prospective
applicability of our model with 20 and 30% for each reservoir.

3.4. Chl-a modeling and the spatial distribution

Field data were collected in the years 2014, 2016 and 2017. The
campaigns dates and sampling points locations were defined based on
Chl-a variability, in addition to considering meteorological factors and
satellite image acquisition date. Thereby, field data varied from April to
September. In this sense, we believe that it was possible to obtain re-
presentative data of Chl-a for the entire Tietê cascade under study, with
values ranging from 1 to 280 mg m−3.

The Tietê reservoirs (mainly those near to the biggest cities of São
Paulo state, such as BB, IBI and BAR) can show high variation in Chl-a
concentration. Between July 1993 and June 1994, the Chl-a in BB
presented lowest value in March (7.4 mg m−3) and highest value in
April (438.0 mg m−3) (Calijuri et al., 2002). In addition, Calijuri et al.
(2002) observed in a single month (July) Chl-a ranging from 7 mg m−3

to 187 m-3. In IBI, it was observed Chl-a variation between 3.0 and
258.8 mg m−3 (Cairo et al., 2020; Cairo, 2015). In BAR, Tundisi (1983)

Table 2
Error evaluation for at and aφ estimated by QAATRCS and QAAV5.

Λ (nm) at QAATRCS at QAAV5

RMSE (m−1) NRMSE (%) BIAS (m−1) RMSE (m−1) NRMSE (%) BIAS (m−1)

412 1.242 22.8 −0.075 1.933 35.5 −0.583
443 0.837 19.6 −0.120 1.384 32.4 −0.572
482 0.436 17.0 −0.039 0.748 29.2 −0.495
561 0.190 15.2 0.004 0.292 23.2 −0.400
655 0.247 18.5 0.051 0.271 20.3 −0.253
Λ (nm) aϕ QAATRCS aϕ QAAV5

RMSE (m−1) NRMSE (%) BIAS (m−1) RMSE (m−1) NRMSE (%) BIAS (m−1)
412 0.494 15.5 −0.179 0.498 15.6 −0.420
443 0.506 15.6 −0.052 0.483 14.9 −0.333
482 0.347 28.2 0.847 0.188 15.3 0.262
561 0.249 45.0 1.911 0.119 21.5 0.816
655 0.275 21.9 0.560 0.192 15.3 −0.289

Table 3
Comparison of linear (Lin) and exponential (Exp) models to estimate Chl-a
using at and aφ from QAATRCS and QAAV5.

λ (nm) at QAATRCS at QAAV5

r R2 (Lin) R2 (Exp) r R2 (Lin) R2 (Exp)

412 0.729 0.532 0.484 0.741 0.549 0.496
443 0.760 0.578 0.546 0.768 0.589 0.543
482 0.776 0.602 0.640 0.805 0.648 0.638
561 0.417 0.174 0.309 0.720 0.518 0.604
655 0.798 0.637 0.577 0.787 0.619 0.521
λ (nm) aϕ QAATRCS aϕ QAAV5

r R2 (Lin) R2 (Exp) r R2 (Lin) R2 (Exp)
412 0.639 0.408 0.387 0.728 0.530 0.509
443 0.630 0.397 0.379 0.726 0.527 0.509
482 0.491 0.241 0.301 0.760 0.577 0.613
561 0.060 0.004 0.043 0.640 0.410 0.540
655 0.788 0.620 0.564 0.787 0.619 0.520

Fig. 4. Scatter plot showing linear and exponential fit between Chl-a and at QAATRCS (at
482 + at

655) in (a) and measured vs. estimated Chl-a in (b) for the exponential
model.

Table 4
Error analysis from the model calibration based on Equation (7) to estimate C in
Nova Avanhandava (NAV), Ibitinga (IBI), Bariri (BAR), Barra Bonita (BB) and
all the four reservoirs (All data).

RMSE (mg m−3) NRMSE (%) Bias NSE

All data 42.7 15.3% −7.22 0.49
NAV 4.2 23.8% −1.26 −0.32
IBI 23.5 19.9% 2.30 0.29
BAR 48.7 21.1% −18.07 0.34
BB 80.2 30.6% −13.53 −0.39
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presented Chl-a of 20.3 mg m−3 on 1979, and Padisák et al. (2000)
indicated a variation between 55 and 77 mg m−3 on 1998. PR and NAV
have shown lower values of Chl-a, in addition to being more homo-
geneous over time. Variation of 3–9 mg m−3 was observed by Ferrareze
(2012) between 2003 and 2004 in PR. Mallasen et al. (2012) found an
average lower than 6.0 mg m−3 for three sampling stations in NAV
between 2005 and 2007.

In the present work, we decided to select only one date (resulting in
3 OLI images to cover all study area) to estimate Chl-a and the trophic
state of Tietê reservoirs. Only the 2016 field data from IBI and BAR
match with the image. As the model to estimate Chl-a was calibrated
based on at, the difference between satellite dates and field dates was
not a problem, since we used an IOP. However, for a deeper assessment,
a temporal analysis using the proposed methodology could be applied.
Therefore, it is suggested, for future work, a temporal analysis of Chl-a
in the Tietê cascade system based on our methodology.

Three Level-2 OLI/Landsat-8 images were selected to cover the
entire TRCS in July/August 2016. QAATRCS was used to retrieve at

482and
at

655from those OLI images. The exponential model (Fig. 4) was used to
estimate the Chl-a based on imagens at (Fig. 5). Chl-a concentration
histograms for each reservoir were plotted to assess the result.

NAV (Fig. 5) presented a homogeneous pattern with low Chl-a
concentration in the entire reservoir. Chl-a concentration ranged up to
10 mg m−3. PR (Fig. 5), with a median of 6 mg m−3, presented values
up to ~15 mg m−3. In PR, the model was able to identify hotspots of
Chl-a values upstream of the reservoir. These hotspots might be related
to the phytoplankton inputs from IBI or from the small tributaries of the
surrounding catchments. The waterbody with high Chl-a concentration
close to the left bank of the river seemed to not mix effectively with the
other waterbodies with relatively smaller Chl-a concentration. This
leads it to remain as a “plume”. A median of 10 mg m−3 was obtained
for IBI (Fig. 5) and it was identified that some tributaries had Chl-a
concentration between 15 and 30 mg m−3, probably related to the
nutrients and pollutants sourcing from the cattle ranching and built-up
environments from the catchment that instantaneously triggered the
algae blooms. The highest Chl-amedian (13.7 mg m−3) was observed in
BAR (Fig. 5), with the values ranging from 10 to 20 mg m−3. According
to Gomes et al. (2020), the high Chl-a concentration and aCDOM pre-
dominance in BAR suggest that there are multiple sources of organic
matter for the reservoir. These might include meteorological conditions
and waste from urban, industrial and agricultural areas. In BB (Fig. 5),
the difference in concentration of Chl-a between the Piracicaba River

Fig. 5. Chl-a mapping and histogram from NAV (a), PR (b), IBI (c), BAR (d) and BB (e). OLI/Landsat-8 images acquired on July 30, 2016, for BB; August 6, 2016 for
BAR, IBI and PR; and on August 13, 2016, for NAV.
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(upper tributary) and the Tietê River (lower tributary) is clearly cap-
tured. This difference is also observed in the histogram with the two
high modes (near to 4 and 9 mg m−3) and another wider mode between
12 and 20 mg m−3. After the Tietê and Piracicaba rivers meet, the Chl-a
concentration reaches intermediate and homogeneous values around
9 mg m−3. Other studies showed an underestimation of Chl-a con-
centration in the Tietê River before the confluence, although the con-
tent of this pigment has been high (Watanabe et al., 2019; 2015). For
example, a sample point collected in the field with a value of
89 mg m−3, resulted in a value of 5 mg m−3 based on the estimate with
the satellite image. However, it is worth remembering that the field
collection was carried out in May 2014 and the image was acquired in
July 2016. Thus, internal and external factors from this aquatic system
may have occurred to alter the concentration of Chl-a in this analyzed
date. The high sewage load coming from the lower course of the Tietê
River is responsible for the singular bio-optical status found in this
section, which can have hindered the Chl-a modelling (Watanabe et al.,
2017).

In general, most pixels across the retrieved images showed Chl-a
values up to 30 mg m−3. However, when calibrating the model, we
used several samples with values above 30 mg m−3, especially from BB
and BAR. Thus, our model might underestimate the values in the re-
servoirs with high Chl-a values. However, a further assessment of the
model's accuracy is hampered by the lack of OLI/Landsat images on the
same day with the field campaign. However, our model was able to
effectively estimate Chl-a concentration with relatively high accuracy
and capture their distribution showing the different patterns of the
trophic status and hydrodynamic patterns between the reservoirs in the
Tietê cascade.

Regarding the results of Chl-a shown in Fig. 5 and using Table 1, we
determined the trophic state for each reservoir. The percentage of each
trophic state class for each reservoir is shown in Fig. 6.

In most reservoirs, the predominance of the mesotrophic class was
observed, with a significant percentage being eutrophic. BAR presented
the worst trophic state, with almost 97% in eutrophic class. In general,
the trophic state of the reservoirs was consistent with the result pre-
sented by São Paulo's State Sanitation Technology Company (CETESB)
about trophic state analysis of inland waters quality for 2016 (CETESB,
2017). In 2016, the trophic status of São Paulo State was assessed from
a total of 408 samples of Phosphorus and Chl-a. Most of these were
sampled bimonthly and analyzed based on the 22 Water Resources
Management Unit (UGRHI) (CETESB, 2017).

BB is divided in two hydrographic unit management: UGRHI-5 and
UGRHI-10. According to CETESB (2017), from the 83 sample points at
UGRHI-5, 32% were classified as eutrophic or worse and 68% as me-
sotrophic or better. In UGRHI-10 (24 sample points), 38% were clas-
sified as eutrophic or worse and 62% as mesotrophic or better. The
trophic state of Barra Bonita presented in Fig. 6 (25% eutrophic and 75
mesotrophic) is in agreement with the report presented by CETESB
(2017) for UGRHIs 5 and 10. IBI and BAR are located in the same
management unit, UGRHI-13. According to CETESB (2017), from the
13 sample points of UGRHI-13 collected in 2016, 23% were classified as
oligotrophic, 62% as mesotrophic and 15% as eutrophic. Comparable
trophic states were presented for IBI in Fig. 6, with 69.3% mesotrophic,
27.4% eutrophic and 3.2% supereutrophic. In BAR, a highly eutrophic
status was observed, with 97% classified as eutrophic. PR and NAV are
part of the UGRHI-16 and UGRHI-19, respectively. According to
CETESB (2017), UGRHI-16 has 9 sample points, the vast majority
(78%) are oligo or mesotrophic, and 22% eutrophic; in UGRHI-19 (with
11 sample points) all points were classified as ultraoligo, oligo or me-
sotrophic. NAV and PR presented a very similar trophic state (Fig. 6),
where the vast majority of the pixels belong to the mesotrophic class.
Furthermore, PR and NAV were in agreement when compared to the
CETESB (2017).

Although in our work, the trophic state of the TRCS was assessed
using the images acquired on a single date, using the Chl-a model

developed in this study, it becomes possible to monitor the trophic state
regularly, i.e. every 16 days in case of using the Landsat series. This
study has, therefore, a great potential in contributing to the water
quality management of TRCS by operationally reconstructing the Chl-a
maps across the cascade enabling both the spatiotemporal assessment of
the trophic status.

4. Conclusion

In this study, we developed a semi-analytical model to estimate the
Chl-a and assess its spatial distribution patterns in the TRCS, in Brazil.
We used at instead of aϕ to estimate Chl-a, and demonstrate that at
values were better estimated using QAATRCS than QAAv5, with NRMSE
around 22.8%. at

482 and at
655 estimated by QAATRCS presented a strong

correlation with the Chl-a. This is mainly due to the phytoplankton
absorbing radiation at wavelengths near to 482 nm and 655 nm for
photosynthesis. So that, the exponential model based on
at

482 + at
655presented a satisfactory result whilst covering the entire

data range, with R2 of 0.646 and NRMSE of 15.3%. The use of OLI/
Landsat-8 images to retrieve at with basis in a single QAA to estimate
Chl-a across the entire TRCS presented promising results. The next step
is to apply the model over an image time series and evaluate its ef-
fectiveness. The use of more than one OLI scene, due to the large study
area, was not a problem in estimating Chl-a. OLI together with the
proposed model proved to be feasible to be applied for TRCS and could
be used to perform temporal analysis.

Although the CETESB monitors the Chl-a concentration periodically
through field sampling, it is often limited by the operational cost and
dependent on weather conditions. And until now the trophic state of the
TRCS has only been assessed partially since it is only based on a few
point samples. For the first time, we provide the spatially distributed
information on the trophic state across the entire reservoir cascade at a
low cost, and we believe that this will become an efficient alternative to
the conventional monitoring practices that can inform the reservoir
managers for necessary actions such as to mitigate the environmental
impacts caused by an algae bloom.
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