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Abstract: In this paper, the authors use remote-sensing images to monitor the water quality of
reservoirs located in the semiarid region of Northeast Brazil. Sentinel-2 MSI TOA Level 1C reflectance
images were used to remotely estimate the concentration of chlorophyll-a (chl-a), the main indicator
of the trophic state of aquatic environments, in five reservoirs in the state of Ceara, Brazil. A three-
spectral band retrieval model was calibrated using 171 water samples, collected from November
2015 through July 2018 in 5 reservoirs. For validation, 71 additional samples, collected from August
2018 through December 2019, were used to ensure a robust accuracy assessment. The TOA Level
1C products performed very well, achieving a relative RMSE of 28% and R? = 0.80. Data on wind
direction and speed, solar radiation and reservoir volume were used to generate a conceptual model
to analyze the behavior of chl-a in the surface waters of the Castanhao reservoir. During 2019, the
reservoir water quality showed strong variation, with concentration fluctuating from 30 to 95 pug/L
We showed that the end of the dry season is marked by strong eutrophic conditions corresponding
to very low water inflows into the reservoir. During the rainy season there is a large decrease
in the chl-a concentration following the increase of the lake water storage. During the following
dry season, satellite data show a progressive improvement of the trophic state controlled by wind
intensity that promotes a better mixing of the reservoir waters and inhibiting the development of
most phytoplankton.

Keywords: remote sensing; water quality; chlorophyll-a; reservoirs; semiarid

1. Introduction

The Brazilian semiarid portion covers an area of about 1 million km?, which corre-
sponds to 86% of the Northeast region of Brazil [1]. This region has irregular rainfall
and high temperatures, with more than 2800 h of sunshine per year, in addition to high
evaporation rates, around 2000 mm per year [2]. The soil is predominantly crystalline, and
this is one of the factors responsible for the low levels of groundwater availability as well
as the low quality of water accumulated in the aquifers, due to the high levels of salts from
this type of rock [3].

Due to the strong interannual rainfall variability and the overall scarcity of rainfall in
addition to unfavorable soil conditions, the construction of reservoirs such as weirs and
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dams to store water during the rainy season, and of water transposition channels to take this
resource to the locations most affected by the drought, appeared as a reliable alternative
to mitigate water scarcity in this semiarid region. Hence, construction of reservoirs is
central to the storage and distribution of water in arid and semiarid regions. However,
this intervention in the natural landscape, resulting from the transformation of lotic to
lentic environments, entails a series of impacts on ecosystems, with changes in the natural
behavior and water quality of engineered rivers and streams [4]. This anthropogenic
interference generates a great ecological impact on aquatic ecosystems by reducing the flow
of water, and increasing the sedimentation rate, water residence time, thermal stratification,
and artificial enrichment of nutrients such as nitrogen and phosphorus (eutrophication)
caused by human activities [5,6].

Eutrophication presents changes in the physicochemical and biological characteris-
tics of these aquatic environments, arising from the use of fertilizers and pesticides in
agriculture, the discharge of industrial and domestic sewage without adequate treatment,
destruction of riparian vegetation in water sources, and high urbanization rate. This process
produces changes in water quality, such as reduced dissolved oxygen, fish death, excessive
proliferation of phytoplanktonic organisms and, consequently, increased incidence of po-
tentially toxin-producing algae and cyanobacterial blooms [7,8]. Given this scenario, the
concern with the degradation of these aquatic environments has grown in the scientific
community, making it necessary to increase studies and expand knowledge on the subject.

Phytoplankton refers to the set of microscopic aquatic organisms that have photosyn-
thetic capacity and that live dispersed floating in the water column. This group includes
organisms traditionally considered algae. However, among these, there is a group of
great public health importance, which is also classified as bacteria, namely the cyanobacte-
ria [9,10]. The occurrence of cyanobacterial blooms in water bodies used for urban supply
can represent a serious risk to the health of the population, due to the ability of these
organisms to produce toxins (cyanotoxins), which can be lethal to mammals and other
warm-blooded animals [11-13]. Blooms can also interfere with the balance of aquatic
ecosystems, as when algae are in suspension they can modify the water’s transparency,
which can lead to deoxygenation of the water body and, consequently, fish mortality. In
addition, they represent a serious problem for water treatment plants, as they can cause
loss of filter load and change in the odor and taste of treated water [14].

Chlorophyll is the photosynthetic pigment present in all phytoplankton organisms.
Chlorophyll-a (chl-a) is the most common of the chlorophylls (a, b, ¢, and d) and represents
approximately 1 to 2% of the dry weight of the organic material in all algae. For this
reason, knowledge of its concentration is used to detect algal blooms and understand its
dynamics [15,16], and to estimate primary productivity [17].

Thus, chl-a is the main indicator of the trophic status of aquatic environments [18,19].
This statement is confirmed for the calculation of the Trophic State Index (TSI), which aims
to classify water bodies in different degrees of trophy. The oligotrophic state is characterized
by the lowest TSI values, with TSI values increasing through the mesotrophic, eutrophic,
to the hypereutrophic, with the highest TSI values. In other words, the TSI aims to assess
water quality in terms of nutrient enrichment and its effect related to the overgrowth of
algae and cyanobacteria [20]. This index was adopted by [20] for temperate climates and
was adapted for lentic environments of tropical climate by [21], using only two variables,
namely chl-a and total phosphorus. In this index, the results corresponding to phosphorus
should be understood as a measure of the eutrophication potential, since this nutrient
acts as the causative agent of the process. The evaluation corresponding to chl-a, on the
other hand, should be considered a measure of the response of the water body to the
causative agent, adequately indicating the level of algae growth. Thus, the average index
satisfactorily encompasses the cause and effect of the process.

As a result, there has been increasing interest in studies of this compound and its
derivatives. On the one hand, the irregular nature of the distribution of phytoplankton,
in particular the proliferation of cyanobacteria, is characterized by frequent migration
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dynamics in the vertical layers. In addition to very fast replication rates, this dynamic makes
it difficult to carry out a quantitative monitoring of the number of cells and spatiotemporal
distribution, as surface blooms can appear and disappear quickly, usually within a few
hours [22-24]. This poses an appreciable challenge to any research effort for larger water
bodies. Normally, measurements for analyzing the quality of water in reservoirs are carried
out by collecting water from strategic points, usually near the reservoir banks. These
samples do not comprise the entire extent of the dams, and thus may not represent the real
spatial distribution of water quality. In addition, these collections are carried out over a
long-time interval, often without periodicity [25-27].

In this context, remote sensing (RS) reinforces the ability to monitor and understand the
composition and dynamics of small and large reservoirs, especially with the advancement
of this technology in recent decades. The latest generation of mid-resolution multispectral
sensors, with free image availability, such as the Landsat-8 (L8) and Sentinel-2 (S2) satellites,
offer advanced opportunities for synoptic view of the entire area of interest, fine-scale, and
high-frequency monitoring [28]. These satellites were not specifically designed for water
observation but are promising for a detailed analysis of water quality [15,29,30], thanks to
their fine radiometric sensitivity [31,32]; 10 to 30-m spatial resolution; high revisit frequency
(every 2-3 days combining L8 and S2 satellites) and the improved configuration of the
spectral bands in the visible and near infrared range [33].

Orbital sensors are able to record the effects of the interaction of solar radiation with
constituents in water [34], and the spectral information contained in satellite images is
useful in the development of bio-optical models [35]. Optically active constituents (OACs)
such as suspended solids, photosynthetic pigments (chlorophyll), and colored dissolved
organic matter (CDOM) are used as indicators of water quality during the characterization
of the aquatic environment [36]. The RS applied to the study and monitoring of aquatic
environments is based on the processes of selective absorption and scattering of solar
radiation by water and its OACs [37,38]. Thus, OACs concentrations can be estimated
empirically or semi-analytically, based on RS data [39].

Phytoplankton is capable of synthesizing organic matter from photosynthesis, being
mainly responsible for the primary production of cells, causing changes in the spectral
behavior of water [40,41]. In general, photosynthetic pigments take advantage of radiation
from the blue and red region for the photosynthesis process. Thus, waters with phytoplank-
ton have two bands of maximum absorption in the electromagnetic spectrum, one in the
blue region, around 440 nm, and the other in the red region, around 670 nm. The green
band, around 560 nm, due to its low absorption coefficient, indicates a high chlorophyll
reflectance. In addition, the presence of phytoplankton is also characterized by its peak
reflectance at 700 nm, in the near infrared region [42-46].

Importantly, there is a consensus that harmful algal blooms are complex events, nor-
mally caused by several environmental factors that occur simultaneously [47]. In addition
to the environmental conditions generated by anthropogenic activities, hydrological and
climatic variables play an important role in the behavior of phytoplankton [48]. These
organisms are sensitive to water-level fluctuations, regarding the abundance, composition
and diversity of biomass [49-53], as this changes the physicochemical conditions of water
such as the mixing regime, light availability, and nutrient concentrations [54-56].

Studies have shown that low water levels together with the high retention time
in reservoirs in semiarid regions, resulting from irregularity in precipitation, are often
associated with high algal biomass in freshwater ecosystems, due to the high availability of
nutrients for primary producers [57-64].

These conditions combined with high irradiation and high temperatures, although
they do not result in greater overall phytoplankton biomass, considerably favor the growth
of cyanobacteria, which are extremely harmful to human health [65-68]. As temperatures
approach and exceed 20 °C, growth rates of freshwater eukaryotic phytoplankton generally
stabilize or decline, while growth rates of many cyanobacteria increase [69-72], providing
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a competitive advantage due to physiological factors such as faster growth and physical
factors such as improved stratification [73-75].

On the other hand, the reduction of the water level can also increase the resuspension
of sediments due to the turbulence caused by the wind and, consequently, the increase
in inorganic turbidity. This reduces the availability of light and phytoplankton biomass,
changing the structure of the phytoplankton community [76-79].

This study aims at the development of a water-quality analysis methodology based on
remote sensing. It is applied to a semiarid environment, strongly influenced by an irregular
hydrological regime. The objective is to reproduce trophic variations of water reservoirs
of a semiarid region by applying a retrieval algorithm that estimates the concentration
of chl-a from Sentinel-2 images. For this purpose, an empirical spectral model will be
developed, in which statistical relationships are established between chl-a concentration
data collected in situ and the reflectance of spectral bands extracted from Sentinel-2 images.
An analysis with hydroclimatic data is also carried out in an attempt to better understand
and characterize the eutrophication of the Castanhao reservoir. Section 2 presents the
available data and the methodology while results are presented and discussed in Section 3;
and, finally, conclusions are presented in Section 4.

2. Data and Methodology
2.1. Study Sites

This study was carried out in the state of Ceard, located in the semiarid region of
northeastern Brazil, close to the Equator. The studied reservoirs were Gavido, Pacoti,
Pacajus, Castanhdo, and Ords. The first three reservoirs are closer to the metropolitan region
of Fortaleza (capital of Ceara), and comprise the integrated Gavido system, responsible
for the water supply of the metropolitan region. Castanhao and Or6s are the two largest
reservoirs in Ceara (Castanhao is the largest). Both are located in the Jaguaribe River
Basin and play a key role in water security and in flood control of the Jaguaribe valley, in
addition to transferring these accumulated waters to the reservoirs in the metropolitan
region of Fortaleza. Thus, they are a strategic water reserve for the state. Despite their
storage capacity, a severe drought, such as that which occurred between 2012 and 2018,
could lead these large reservoirs to have very low volumes of stored water. In 2019 and
2020, Castanhao reached 2.8% and 2.4%, respectively, and Orés 5.2% and 4.7%, respectively,
of its water volume capacity [80]. These conditions significantly affect the state’s water
supply management and these reservoirs’ water quality.

The climate of this region is hot and dry, and the rainfall is irregular in space and
time [81]. It is concentrated between the months of February and May [82], with maximum
values in the months March and April [83]. Due to recurrent droughts and high annual
average temperature, around 31 °C, it has a negative water balance for most of the year,
with high potential evaporation rates, reaching over 2000 mm year~!, and precipitation
below 900 mm year~! [84]. Moreover, the region is characterized by shallow soils on a
crystalline basement. All this combined results in intermittent rivers [85,86].

In order to promote greater water security, the construction of surface reservoirs has
been the most common and important strategy adopted [87]. These reservoirs, however,
are subject to long periods of low, or even, zero inflows and long water residence time
(more than 12 months), high solar radiation and high temperatures during most of the
rainy season, in addition to intense anthropogenic activity in their basins. These factors
contribute to an intense accumulation and concentration of nutrients, making these systems
considerably more vulnerable to eutrophication [88]. In order to analyze different water-
quality conditions, this study was carried out in reservoirs in which total water-storage
capacity varies from 32.9 million to 6.7 billion m® and trophic state ranges from mesotrophic
to hypereutrophic, as shown in Table 1.
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Table 1. Reservoir studied (capacity = maximum water volume; average depth combined with
standard deviation—sd). Source: Portal Hidrolégico do Ceard (http:/ /www.hidro.ce.gov.br /hidro-
ce-zend/acude/eutrofizacao, accessed on 14 January 2022).

. . Capacity Trophic State
Reservoir Maximum Depth (2019) Average Depth (2019) (m?) (2015 a 2019)
. Rainy Season Dry Season
Rainy Season = Dry Season (sd) (sd)
Gavido 12.88 1191 m 1198 (£051)m  11.54 (£0.13)m  32.9 millions eutrophic to
hypereutrophic
Pacoti 21.95m 21.8m 18.1(£328)m 1993 (£121)m 380 millions eutrophic to
hypereutrophic
Pacajus 14.36 m 14.19 m 11.78 (£2.37)m  13.15(£0.63) m 240 millions  eutrophic to mesotrophic
Castanhao 33.03 m 32.93 m 3058 (£1.60)m  30.58 (+1.67)m 6.7 billion eutrophic to
hypereutrophic
Oros 20.86 m 20.52 m 18.97 (£1.52) m  19.13 (£0.95) m 1.94 billion mesotrophic to eutrophic

2.2. Data

Over decades of satellite water monitoring, remote monitoring of small reservoirs
has been greatly hampered by the lack of appropriate satellite sensors [89]. Ocean color
sensors such as the MODIS (MODerate Resolution Imaging Spectroradiometer) and the
MERIS (Medium Resolution Imaging Spectrometer) have a spatial resolution of 250-1200 m,
making them suitable only for very large reservoirs. The first Landsat series satellites
(Landsat 1-7) had good spatial resolution (3079 m) but restricted radiometric resolution
(6-8 bits), which made them a limited tool for mapping water-quality parameters [90]. The
radiometric resolution of Landsat 8 is 12 bits, and this makes it suitable for remote analysis
even in dark lakes (rich in CDOM). However, its revisit time is quite long (16 days), limiting
its use in systematic water quality monitoring [91].

In 2015, the launch of the Multispectral Imager (MSI), aboard satellite Sentinel-2,
opened up a new potential for the use of RS for reservoir monitoring [92]. The images have
a spatial resolution of 10 m, 20 m, and 60 m, which means that even small reservoirs can be
studied. Data are acquired in 13 spectral bands, distributed along the visible and infrared
regions. This includes narrow bands that capture phytoplankton spectral characteristics,
such as the chl-a absorption maximum, around 670 nm, and the reflectance peak near
700 nm associated with phytoplankton backscatter. The radiometric resolution of the sensor
is 12 bits. Sentinel-2 comprises a constellation of two identical satellites that are part of the
European Commission Copernicus program and operated by the European Space Agency
(ESA), located in Paris, France. They operate simultaneously in the same sun-synchronized
polar orbit and, in opposite 180° positions, are designed to provide a high 5-day revisit
frequency, which makes them suitable for routine monitoring.

In this study, WGS84 UTM zone 24 South images of the Sentinel-2 satellite with a
resolution of 10 m were used. The passage date was the closest to the dates of chl-a sample
collection in the reservoir, in the period from November 2015 to December 2019. The
52 MSI Level 1C (L1C) images were obtained from the Copernicus Open Access Hub
(https:/ /scihub.copernicus.eu/, accessed on 9 September 2021). The Sentinel Application
Platform (SNAP) version 7.0 on Windows 10 (64-bit) was used to process the images and
the Band Maths function to generate the chl-a concentration maps from the chl-a recovery
algorithm.

To calibrate and validate the empirical models, data from in situ chl-a collection were
used, provided by the Ceara Water Resources Management Company (COGERH). The
APHA 10200 H spectrophotometric [93] was the laboratory method used to analyze the
concentration of collected chl-a. The collections were carried out in a dark flask, free
of interferences, and the pigments were cold extracted with 90% acetone. Considering
the 5 reservoirs analyzed, 171 collection data were used to calibrate the spectral model
from satellite images, over 122 campaigns. Calibration data covered the period from


http://www.hidro.ce.gov.br/hidro-ce-zend/acude/eutrofizacao
http://www.hidro.ce.gov.br/hidro-ce-zend/acude/eutrofizacao
https://scihub.copernicus.eu/

Water 2022, 14, 451

6 of 22

November 2015 to July 2018. To validate the spectral model, 71 collection data were used,
over 61 campaigns, covering the period from August 2018 to December 2019. Regarding
the validation period, turbidity data were also used to correlate with the chl-a data. The

4°0'S

6°0'S

18°0'S 16°0'S 14°0'S 12°0'S 10°0'S 8°0'S

locations of the in situ data collection points are shown in Figure 1.

40°0'W 38°0'W 36°0'W

E Reservoirs

[ ceara
- Northeast of Brazil

® Chl-a collection points

0

Datum: SIRGAS 2000

120 240 480 720

3535 F
425 |
; 438 |
355's |- i
GAVIAO
PSP 4108 [
— 455 | e
356'S PACOTI 411's
TES 2118
356S - eTSE 413s |
L 1 1 4’8'5 B 4’148 -
38°35W  38°34'W  38°33W e PACAJUS
485 i
L L L 1 L L L 4 158 [+
BITW IW 3BIW HW ]
38°44W  3840W  38°IF'W  38°2W  38°28'W  38°23'W £ATS |
° 3 Ik 3 L L % B & LI L L g L X X % K T LT o .
o | 4°18S 1 1 1 1 1 1
I 38°29W  38°26W  38°25'W  38°23'W
5325 |. CASTANHAO
534S | e8's
536 | ey
5°38S | 6°11's |
5°40'S |- 6°14'S |-
s41s | ——
544's | sida N
546'S |- —"
1 1 L L L 1 L 1 L 1 L 1 1 1 L 1 1 L L L
Km 39°15W  39°11'W 39°8'W 39°5'W 39°2W 38°59'W  38°55'W
960

Figure 1. Location map of the five analyzed reservoirs and of the chlorophyll-a (chl-a) collection
points collected and made available by Ceara Water Resources Management Company (COGERH).

Among the reservoirs studied, Castanhao is very important for Ceara due to its storage
capacity of around 6 billion, 700 million cubic meters, which gives it a residence time of
400 days, on average, similar to a closed system. In this way, a large part of the sediments
and dissolved elements that are transported and carried by the Jaguaribe river are retained,
around 98%, according to [94]. Pollution sources, agricultural practices, average depth,
conductivity, and TN/TP (nitrogen over phosphorus) ratio, associated with the low dilution
capacity of the region and the static nature of the reservoir, explain its state of eutrophication.
However, this is not enough to explain variations in the trophic state over time. According
to [95], eutrophication and, consequently, the development of phytoplankton, is also linked
to climatic and hydrological factors.

Thus, in this study, daily data were used, for the months of 2019, of wind (speed
and direction) and solar radiation, available from the National Institute of Meteorology
(INMET), on the portal https:/ /portal.inmet.gov.br/ (accessed on 26 February 2020), and
data on the volume of the Castanhao reservoir, available from the Ceara Meteorology
and Water Resources Foundation (FUNCEME), through the website http:/ /www.hidro.ce.
gov.br/ (accessed on 31 January 2022), to analyze the interference of these factors in the
distribution of phytoplankton on the surface of the Castanhao reservoir. The data provided
by INMET were extracted from the conventional meteorological station Morada Nova,
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located about 42 km north of the Castanhao reservoir, taking into account the direction of
the wind, which comes from the North and Northeast.

Estimated chl-a data for the Castanhao reservoir were also used, through the MODIS
satellite, in a study developed within the scope of the MEG-HIBAM project, from the
partnership between the National Water Agency (ANA) and the Institut de Recherche pour
le Development (IRD). These data are available on the website (http:/ /hidrosat.ana.gov.br/,
accessed on 12 July 2021), by the brazilian National Water Agency (ANA).

2.3. Image Processing

Atmospheric corrections are widely used successfully in oceanic waters, as they
assume the color of the ocean to be black (complete absorption of incident radiation) in
the near-infrared (NIR) spectral region. However, this assumption does not apply to
optically complex waters (type case 2), where chlorophyll, suspended sediments, and
bottom reflectance lead to a non-zero brightness in the NIR [96,97]. Thus, extracting
reflectance in turbid water through remote sensing (RS) by satellites has been hampered by
the lack of an atmospheric correction that does not assume zero leaving irradiation of water
in the NIR. This can lead to an overestimation of atmospheric radiation across the visible
spectrum, with increasing severity at shorter wavelengths. This can result in significant
errors in algorithms developed to estimate the concentration of chl-a [98].

Thus, for a broad assessment of the trophic state, some authors such as [46,92,99,100]
concluded that only a simplified atmospheric correction procedure that normalizes the top
of the atmosphere (TOA) signal for Rayleigh effects is possible, avoiding more complex
atmospheric corrections for aerosols, given the large uncertainties associated with these
corrections, as they are typically prone to errors in turbid water and high biomass. Moreover,
improved processing time and simpler implementation for operational monitoring systems
are additional advantages of using TOA-type data. Therefore, it was preferred to use
Level 1C radiance images of the TOA type, from the Sentinel-2 satellite, to extract the chl-a
reflectance.

2.4. Model Derivation

Remote sensing, when used to estimate concentrations of water constituents, is based
on the relationship between the reflectance, R(A), and the inherent optical properties, namely,
the total absorption and backscatter coefficients of water. To retrieve chl-a concentrations
from spectral reflectance, it is necessary to isolate the chl-a absorption coefficient. For this,
an empirical model was used, in which statistical relationships are established between
observed concentrations of optically active constituents and some spectral index. As
a spectral index, one can use reflectance at a single wavelength or an operation (ratio,
difference or mixed operations) involving reflectance at two or more wavelengths.

In this work, an empirical three-band reflectance model developed by [101] was
adopted. It has been widely used in the literature for inland waters by authors such
as [45,102-110]. The three-band spectral index is written as

3BSI = [R™' (A1) =R (A2)| - R(As) (1)

where 3BSI is three-band spectral index, and R(};) is the reflectance at wavelength A;,i=1,2
and 3. The choices of wavelengths (A;) are explained below. This index was chosen because
it was created specifically for inland waters, has obtained excellent results in its applications,
and its adaptation to Sentinel-2 bands showed good statistical correlations [102].

Ref. [101] developed an algorithm with the objective of isolating the chl-a absorption
coefficient. For this, it is necessary to minimize the effect of the absorption of dissolved
organic matter (CDOM) and the set of non-algal suspended organic and inorganic particles
(Tripton or NAP or TSS), both commonly found in interior turbid waters, as well as to
normalize the backscattering effect by all particular matter. This algorithm considers that
R(A1) must be a reflectance at a wavelength with a maximum chl-a absorption (in the range
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660-690 nm), although it is still affected by CDOM, tripton, and backscatter absorption.
R(A,) is a reflectance at a near wavelength that is minimally sensitive to chl-a absorption
(700-730 nm), but still affected by the other water constituents. If both R(A;) and R(A;)
are similarly affected by the presence of tripton and CDOMV,, it is possible to remove the
effects of absorption by these constituents by subtracting these wavelengths. However, this
difference remains affected by the tripton particles backscattering. As a solution, a third
spectral band R(A3) in the 740-760 nm spectral range was introduced, where the reflectance
is minimally affected by the absorption of water constituents (chl-a, CDOM and tripton)
and is basically controlled by pure water absorption and tripton backscattering. Finally, the
division of [R™1(A;) — R™1(A2)] by R(A3) will remove the effects of tripton backscattering
variability, turning this 3-band combination as a robust estimator of the chl-a absorption
coefficient [102,111,112]. For Sentinel-2 data, R(A;) is equivalent to band 4 (665 nm); R(A;)
matches band 5 (705 nm); and R(A3) corresponds to band 6 (740 nm).

To extract the reflectance of Sentinel-2 bands 4, 5 and 6, an area of 100 m? free from
clouds was selected in the image, around the collection points of the chl-a samples, and the
average reflectance of the pixels of the selected area was extracted. Images with passage
dates close to the collection dates were selected, most of them ranging from 1 to 3 days,
with some images with an interval up to a week. According to [113], images with a 3-day
interval of collection dates are as good as exact match, a time difference of 1 week reduces
correlation, but a month time difference is too much to even estimate a parameter as
relatively stable as CDOM. On the other hand, [114] found that even larger time differences
are still reliable.

To calibrate and validate the three-band model, a relationship was obtained by using
statistical regression, considering the coefficient of determination (R?) and the square root
mean square error (RMSE) as metrics to identify the best fit between the spectral index
generated from Equation (1) and the observed chl-a.

The regression model was calibrated using the Bootstrap method developed by [115],
which consists of a random resampling procedure with replacement and each calculated
estimate. Based on the replications, it is possible to determine confidence intervals (e.g.,
95%) and hypothesis test on the generated estimators [116].

2.5. Hydroclimatic Data

Data on wind direction and wind speed, solar radiation and reservoir volume were
used to generate a conceptual model to analyze the behavior of chl-a in surface waters
of the Castanhao reservoir. This reservoir was chosen because, among the five reservoirs
studied in this work, it presented a continuous monthly image sequence to estimate the
concentration of chl-a using Sentinel-2 without cloud interference that could harm the
understanding of the eutrophication cycle during a whole year, that is, for 2019.

For the wind data, a chart of the wind rose was generated, with the average of the
values of the 4 days preceding the date of passage of the satellite, and at times of greatest
gust (17:00, 18:00 and 19:00 LT; LT = local time = UTC-3:00). These peaks can be important
because they control water column vertical mixing and resuspension of bottom sediment.

A graph was generated with the values of solar radiation in the days and times of the
passage of the Sentinel-2 satellite (10:00 LT), to analyze the behavior of the concentration of
chl-a against the possible thermal stratification of the column of water, generated by solar
radiation incidence.

Daily variation of the water volume storage in the Castanhao reservoir was also
retrieved, for the whole year 2019, to verify how water storage can interfere in the dilution
or concentration of chl-a levels.

3. Results and Discussion
3.1. Chlorophyll-a Algorithm Definition and Performance

Table 2 shows the values of the chl-a samples collected in the 5 reservoirs considered
in this work, from 2015 to 2018, used for calibration of the 3-band spectral model (Equa-
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tion (1)). The datasets encompassed varying concentrations conditions. There was a strong
variability in chl-a concentration from one reservoir to another, ranging from 0.2 to close
to 90 ug L1, and strong seasonality was also detected. The Pacajus reservoir showed a
highly differentiated eutrophication pattern with low to intermediate concentration of chl-a
[0.2-15.6 ug L1].

Table 2. Descriptive statistics (average combined with standard deviation—sd) of the chlorophyll-a
(chl-a) and turbidity (Turb) parameters collected in the five reservoirs considered in this study. The
chl-a data were used to calibrate the reflectance model to estimate chl-a from the Sentinel-2 images.

[Range]

[Range]

Reservoir Samples Time Perl.Od of Measured chl-a Average (sd)  Median Measured Turb Average Median
Collection ) chl-a chl-a (sd) Turb Turb
(ug.L-1) (NTU)
Gavido 51 4 November 8.4-79.6 51.8 (£15.6) 53.4 6.59-13.5 9.5 (£2.1) 8.7
2015-3 July 2018 ) ‘ ’ ’ ’ ’ ’ ’ ’ ’
. 10 November
Pacoti 34 2015-10 July 2018 7.9-89.2 56.9 (£21.3) 66.2 3.95-9.83 7.6 (£1.6) 7.3
.. 11 November
Pacajuis 33 2015-5 July 2018 0.2-15.6 7.2 (£3.5) 6.8 427-255 11.7 (£6.8) 117
~ 2 December
Castanhio 34 2015-11 July 2018 12.8-56.1 38.3 (+15.1) 423 9.82-36.7 21.3 (£12.4) 17.6
30 November
Orés 9 2015-21 February 26.0-66.6 41.5 (£16.2) 33.6 7.21-20 13.1 (+4.8) 13.3
2018

The relationship between the chl-a concentration in the calibration dataset (Table 2)
and the 3-band spectral index (Equation (1)) considering the spectral bands defined for
Sentinel-2, R(A1) = 665 nm; R(A;) = 705 nm; and R(A3) = 740 nm, obtained fine results
with a a relative RMSE of 28% and R? = 0.80. The calibrated chl-a model is:

Chl-a (ug L*l) = 279.95(3BSI) + 38.06 2)

From this chl-a retrieval algorithm, one can estimate the concentration of chl-a using
Sentinel-2 Level 1C images.

Figure 2 shows the scatter plot of the values generated from the 3BSI for Sentinel-2
Level 1C images against the measured in situ calibration dataset.

80

R2=0.80
RMSE = 28%

704

601

50+

404

304

Measured Chl-a (ug I-1)

204

O 3 T T T T T T T T T
-0.125-0.100-0.075-0.050 -0.025 0.000 0.025 0.050 0.075 0.100
Values (1C) from the 3BSI

Figure 2. Relationship between the measured in situ chl-a, for the samples considered in the cali-
bration dataset, and the values generated by the three-band spectral index (3BSI) for the Sentinel-2
Level 1-C image datasets. The red line represents the regression model calculated using the bootstrap
resampling technique. Blue lines indicate two RMSE estimates of chl-a.
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The independent validation dataset was collected from August 2018 to December 2019.
The estimated chl-a concentrations were compared to the observed chl-a concentrations
(Figure 3). The correlation between the validation data, considering the 5 reservoirs,
presented a coefficient of determination R? = 0.77. Overall, the retrieved chl-a concentration
followed well the temporal behavior of the field data except for the Pacajus reservoir, which

presented the lowest chl-a concentration levels observed.
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Figure 3. Comparison between the chl-a estimated by the three-band algorithm (Equation (2)) and
the chl-a measured for the Castanhao, Orés, Pacajus, Pacoti and Gaviao reservoirs, referring to the
validation data covering the period from August 2018 to December 2019.

The difference in the performance of the algorithm for estimating low concentrations
chl-a is probably related to the use of reflectance at A3 in the three-band model because A3
is practically insensitive to the absorption of water constituents (chl-a, CDOM and tripton),
but is susceptible to suspended particle scattering (TSS). For low concentrations of chl-a,
the correlation between backscatter and TSS increases considerably for longer wavelengths
(A3). This indicates an increased effect of the concentration of suspended particles. Thus,
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backscattering effects may not be fully removed using (A3) and may introduce uncertainties
in the concentrations chl-a estimation if the three-band model is applied. This can cause
significant changes to the model output. Therefore, although the model has been calibrated
for a wide range of biophysical and optical water quality parameters, the accuracy of the
retrieval for a low chl-a concentration level (i.e., <10 ug L~!) may be considered with
caution.

Figure 4 shows that chl-a concentration and turbidity (the latter is a proxy of scattering
by phytoplankton and inorganic suspended matter) are not correlated (R? < 0.09), denoting
that that reservoir water presents complex behavior belonging clearly to case 2 waters.

40
35 ¢
30 °
2
Z 25 @
= °
2 20 ®
et ® ) [
g 15 o‘ b o °
= ° ° oo
10 L) e LY .." .' o o o0®
° (]
5 ‘“ [ 4 ..
0
0 20 40 60 80 100

Chlorophyll-a (png/L)

Figure 4. Chlorophyll-a concentration vs. turbidity of samples collected in situ for validation data, in
all reservoirs of this study. Determination coefficient for linear relationship (R?) < 0.09. Chl-a and
turbidity are practically independent, indicating these reservoirs belong to case 2 waters.

3.2. Chl-a Retrieval Comparison between Sentinel-2 and MODIS Sensors

We compared the chl-a time series retrieved with Sentinel-2 MSI sensor with an
independent dataset based on MODIS (Terrra and Aqua satellites) available through the
Hidrosat database (http:/ /hidrosat.ana.gov.br/, accessed on 31 January 2022), developed
by the Brazilian Water Agency (ANA) [117]. MODIS data offer higher sampling frequency
than Sentinel 2 data with near daily acquisition rate. The Hidrosat database was calibrated
using other field data and can be considered a totally independent dataset. Figure 5A
presents the comparison between MODIS-derived and MSI-derived chl-a time series for
2019 over the Castanhao reservoir jointly to the field measurement already presented
above. It can be seen that all datasets show close agreement, but some differences can be
noticed during January, April, and October. It is worthwhile to note that the chl-a values
assessed using Sentinel-2 are systematically closer to the field chl-adata, when compared
to the values estimated by MODIS. The coarse resolution of MODIS data (i.e., 500 m) in
relation to the 20-m Sentinel-2 data used for this study may partially explain this lower
accuracy of the MODIS-derived estimates. Sentinel-2 images allow for greater refinement
of the characteristics of the water body, reinforcing the gain in monitoring capacity and
understanding of water quality processes in small and large reservoirs.
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Figure 5. Comparison between the chl-a estimated by the Sentinel-2 satellite and by MODIS satellite,
for the Castanhao reservoir, for the months of 2019. (A) shows the temporal variation jointly with the
quarterly field measurements. (B) displays the boxplot with the distribution of chl-a values estimated
respectively by Sentinel-2 and MODIS.

Figure 5B shows the distribution of both MODIS and Sentinel-2 derived chl-a datain a
boxplot format. It is observed that the chl-a estimated by MODIS shows lower concentration
values when compared to Sentinel-2 data. It is noteworthy that, in 2019, the Castanhao had
its trophic status varying between hypereutrophic and eutrophic, as shown in Figure 6,
which suggests a high chl-a concentration in that graph. In addition, Sentinel-2 has a greater
range of concentration values throughout the year. That is more consistent with the field
data collected in the reservoir, which showed greater chl-a concentration in the first months
of the year, and a drop of concentration as the year goes by.
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Figure 6. Trophic state of the Castanhao reservoir retrieved from quarterly measurements for the
year 2019. Adapted from COGERH and made available at the electronic address http://www.hidro.
ce.gov.br/hidro-ce-zend/acude/eutrofizacao (accessed on 17 January 2022). In 2019, no oligotrophic
and mesotrophic conditions were found in the Castanhao as represented by the Trophic State Index
(TSI): 1—Oligotrophic (24 < TSI < 44); 2—Mesotrophic (44 < TSI < 54); 3—Eutrophic (54 < TSI < 74);
4—Hypereutrophic (TSI > 74) [3].

3.3. Analysis of the Trophic State Evolution in the Castanhio Reservoir

The trophic state graph, provided by COGERH, is presented (Figure 6) to compare
and confirm the water quality results presented in the chl-a concentration maps (Figure 7)
for the Castanhao reservoir during 2019.

une/2019

Figure 7. Monthly map of the concentration of chl-a in the Castanhdo reservoir, during 2019, produced
from the 1C level TOA products and the three-band model (Equation (2)).

The trophic state index used by COGERH to qualify the degree of trophy of the Ceara
reservoirs is based on the proposal of [20] adapted by [21] to lentic environments of tropical
climate. This index is based on chlorophyll-a and total phosphorus data. In other words,
the greater the concentration of these parameters, the worse the water quality of aquatic
environments will be.

For [21], in general, it is accepted that the trophic level of a water body can be evaluated
from the chl-a concentration level alone.

Figure 7 shows the time series of the chl-a maps, generated for the Castanhao reservoir
for every month of 2019 and prepared from Level 1C products, using Equation (2).
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The chl-a concentration maps are consistent with the trophic state graph based on
the in situ measurements (Figure 6) provided by COGERH. Figure 7 shows that between
January and April the concentration of chl-a is high (i.e., >80 pg L~!) in a substantial part
of the water body. In the following months, there is a decreasing chl-a concentration trend,
indicating an improvement in the reservoir’s water quality, as shown in the trophic state
graph (Figure 6), in which the Castanhao becomes eutrophic in the second half of the year.
This can be explained by 1. Inflow: most of the inflow in 2019 concentrated in the months
of April and May; 2. Reservoir volume: reduction in reservoir volume during the second
semester since there is no inflow; 3. Wind speed: stronger winds starting in September,
which promotes a better mixing of the reservoir waters. (As will be shown below.)

It is worth noting in the Sentinel-2 derived chl-a concentration maps (Figure 7) that
the minimum chl-a concentration appears in the vicinity of the Castanhao dam, as shown
in Figure 8, matching the deepest portion of the reservoir.

Figure 8. Hydrological flow in the Castanhao reservoir and location of the reservoir dam.

Figures 8-10 show the variability of some hydroclimatic variables, namely reservoir
volume, wind speed and direction, and solar radiation, respectively, to detect any relation
with satellite-retrieved chl-a concentrations in the Castanhao reservoir, as shown in Figure 7.
Temperature was not included in the analysis, as it varies little throughout the year in the
study region, since it is close to the equator line, as well as relative humidity, which is
mainly related to evaporation, and should have no effect on algal biomass development.

In the analyzed time scale, from a hydrodynamic point of view, the concentration
of chl-a increases with the beginning of the rainy season in Ceara (March to May). This
is probably because there are still no appreciable river water inputs from the upstream
catchment, but there is a high input of nutrients by leaching and runoff from the baresoils
areas around the dam. When the river starts to flow, a dilution effect is observed, with an
increase in the volume of the reservoir and a simultaneous decrease in the concentration of
chlorophyll. Thus, as shown in the estimated chl-a maps for the year 2019 (Figure 7), we can
see a biomass dilution effect upstream of the reservoir (Figure 8), from April onwards, with
the arrival of Jaguaribe River waters. In May there is a dilution of the biomass in most of
the water mirror, due to the continuous increase in the volume of water in the reservoir, as
a result of the rainy season in Ceard State. In June, as shown in Figure 9, the water volume
starts to decrease as a result of the end of the rainy season, evaporation and multiple water
uses. This decrease in the water volume matches an increase in the concentration of chl-a
at the water surface. The analysis of the sequence of Sentinel-2-derived maps make it
possible to monitor the rapid changes induced by the hydrological and meteorological
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conditions, confirming the strong control of these factors on the phytoplankton biomass in
the Castanhao reservoir.
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Figure 9. Variation in the daily water volume in the Castanhao reservoir during 2019. Release
discharge: 7476 m3/s. Available by COGERH at the website http:/ /www.hidro.ce.gov.br/hidro-ce-
zend /acude/nivel-diario (accessed on 17 January 2022).

Figure 10 displays both wind intensity and mean direction for each month during 2019.
It can be seen that there is a net increase in wind intensity from September to December.
The analysis of the chl-a maps (Figure 7) shows a strong decrease in the values of chl-a
in the entire surface of the Castanhao reservoir for the same period. This overall chl-a
decrease at the lake surface may be directly related to both the wind speed increase and
predominantly northeast direction from September to December 2019 (Figure 10) that
generates a longitudinal turbulence in the reservoir mirror. It is worth highlighting the
chl-a concentration in the month of August (Figure 7), as this month presents a more
accentuated concentration compared to previous and following months. This concentration
maximum may correspond to a combination of unique conditions with decreasing water
storage at the beginning of the dry season, which corresponds to increasing water residence
time and mild wind conditions.

From a meteorological point of view, the chlorophyll peak can occur simultaneously
in the period of low wind speed. Wind can be an inducer of water mass movements, both
horizontaly and spatially, and most phytoplankton species will not be able to develop.
Furthermore, the action of the wind can cause sediment resuspension from the lake bottom,
especially in shallow conditions when the reservoir faces low storage rate. This gener-
ates a lower availability of the light in the water column and may lead to inhibition of
phytoplanktonic growth, resulting in lower chl-a concentrations values [77,79].

In this study, the radiation variability over the year did not seem to have a clear impact
on chl-a variability at the surface level (Figure 11), since Castanhao is located close to the
Equator and the solar irradiance is quite constant. Looking at finer time scales, both wind
speed and radiation are closely related to the diurnal cycle of water quality: stratification of
the reservoir during the peak of radiation and mixing of its water during the peak of the
wind speed [118]. However, the study of the diurnal cycles remains out of the reach of the
satellite date due to their lower time-revisit frequency.
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Figure 10. Compass rose containing wind speed (gust) and direction over the months of 2019. It was
not possible to generate the graph for the month of November due to lack of data. The data were
made available by INMET, on the portal https://portal.inmet.gov.br/ (accessed on 26 February 2020),
and extracted from the conventional meteorological station Morada Nova/CE.
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Figure 11. Graph of solar radiation extracted on the days and times of the Sentinel-2 satellite passage,
referring to the data used to generate the annual map of chl-a concentration in Castanhao reservoir
(Figure 7). November radiation was not presented due to lack of data. The data were made available
by INMET, at https:/ /portal.inmet.gov.br/ (accessed on 26 February 2020), and extracted from the
Morada Nova/CE conventional weather station.

4. Concluding Remarks

This work showed that the use of Sentinel-2 MSI remote-sensing data to monitor the
quality of complex case 2 waters in semiarid environments has strong potential.

The defined 3-band spectral model for Sentinel-2 Level 1C, where R(A1) = 665 nm;
R(A;) =705 nm; and R(A3) = 740 nm presented acceptable statistical performance to estimate
the concentration of chl-a, with statistical regression parameters reaching a relative RMSE
of 28% and R? = 0.80.

The hydroclimatic data (wind direction and speed and reservoir volume) used to
analyze the behavior of chl-a in the surface waters of the Castanhao reservoir was important,
making it possible to interpret the temporal and spatial distribution of satellite-retrieved
chl-a maps over the entire surface of the reservoir.
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Thus, this study contributes to the development of continuous monitoring of water
quality, based on remote analysis by satellite, in small and large reservoirs, a strategic
resource to promote greater water security in the Brazilian semiarid region, which is heavily
impacted by strong interannual rainfall variability and an overall scarcity of rainfall.
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