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RESUMO 

 
 

Modelos de projeção climática indicam que são esperados longos períodos de seca 

dentro dos próximos 100 anos em várias partes da América do Sul. Para entender os 

efeitos dos longos períodos de seca em ambientes aquáticos, nós investigamos a 

resposta da concentração da clorofila-a (Chl-a) a recentes eventos de seca extrema 

no Reservatório da Hidrelétrica de Barra Bonita (RHBB) no estado de São Paulo, 

Brasil. Nós usamos imagens de satélite para estimar a concentração de Chl-a de 2014 

a 2020 usando o Índice Slope (NRMSE de 18,92% e bias de -0.20 mg m-3). Dados 

auxiliares de precipitação, nível d’água e temperatura do ar para o mesmo período 

também foram usados. Eventos de seca foram identificados usando o índice de 

precipitação padronizada (SPI). Em complemento, nós computamos a probabilidade 

de futuros eventos de seca. Dois períodos mostraram condições de seca extrema: 1) 

janeiro – fevereiro (2014) e 2) abril – maio (2020). Ambos os períodos foram 

caracterizados como probabilidade de recorrência de 1 a cada 50 anos. A maior 

correlação foi observada entre concentração de Chl-a e SPI (-0.97) em 2014, 

enquanto Chl-a teve maior correlação com nível d’água (-0.59) em 2020. Esses 

resultados fornecem novos conhecimentos acerca da influência de eventos de seca 

extrema sob a concentração de Chl-a no RHBB e sua relação com outras variáveis 

climáticas e níveis d´água dos reservatórios. Eventos de seca implicam em menos 

chuvas, temperaturas mais altas e secas atmosféricas, e esses fatores afetam 

evaporação e o nível d’água dos reservatórios. 

 
Palavras-chave: eventos extremos; sensoriamento remoto; floração de algas; corpos 

hídricos continentais. 



 

 
 
 

ABSTRACT 

 
 

Climate projections models indicate that longer periods of droughts are expected within 

the next 100 years in various parts of South America. To understand the effects of 

longer periods of droughts on aquatic environments, we investigated the response of 

chlorophyll-a (Chl-a) concentration to recent severe drought events in the Barra Bonita 

Hydroelectric Reservoir (BBHR) in São Paulo State, Brazil. We used satellite imagery 

to estimate the Chl-a concentration from 2014 to 2020 using the Slope Index (NRMSE 

of 18.92% and bias of -0.20 mg m-3). Ancillary data such as precipitation, water level 

and air temperature from the same period were also used. Drought events were 

identified using the standardized precipitation index (SPI). In addition, we computed 

the probability of future drought events. Two periods showed extremely dry conditions: 

1) January - February (2014) and 2) April - May (2020). Both periods were 

characterized by a recurrence probability of 1 in every 50 years. The highest correlation 

was observed between Chl-a concentration and SPI (-0.97) in 2014, while Chl-a had 

the highest correlation with water level (-0.59) in 2020. These results provide new 

insights into the influence of extreme drought events on the Chl-a concentration in the 

BBHR and their relationship with other climate variables and reservoir water levels. 

Drought events imply less rainfall, higher temperatures, and atmospheric dryness, and 

these factors affect evaporation and the water levels in the reservoir. 

 
 

Keywords: extreme events; remote sensing; algae bloom; inland waters body. 
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1 INTRODUÇÃO 

 
 

Condições climáticas, tais como, precipitação, vento e passagem de frentes 

frias, exercem papel importante sobre o padrão de mistura e estratificação da coluna 

d`água de sistemas aquáticos (CURTARELLI et al., 2014), consequentemente, o clima 

de luz na coluna d`água (TUNDISI et al., 2010). A mistura da coluna d`água e o tempo 

de residência da água no sistema aquático são apontados como os responsáveis mais 

importantes para a riqueza de espécies de fitoplâncton em reservatórios 

(MATSUMURA-TUNDISI, TUNDISI, 2005). Por outro lado, a predominância para 

determinadas espécies é frequentemente associada com a estratificação termal e a 

estabilidade da coluna d`água (TUNDISI et al., 2010). Portanto, florações de 

cianobactérias ocorrem no outono, quando o tempo de residência da água é maior, 

enquanto, chlorophytas e diatomáceas são mais comuns durante a primavera e o 

verão, quando o tempo de residência é menor (PERRY et al., 1990). 

A região sudeste do Brasil passou por um longo período de seca, que começou 

em 2012 e se estendeu até 2015. De acordo com Getirana (2016) uma perda de água 

de aproximadamente 6.1 cm/ano foi observada durante o período de seca 

mencionado. A baixa precipitação levou a redução do volume útil de sistemas 

aquáticos e, consequentemente, uma crise de abastecimento público. Em 

reservatórios, a baixa precipitação afeta o tempo de residência da água e a cota, 

devido ao controle de fluxo. 

Em ambientes aquáticos produtivos, o estado trófico continua a aumentar, quando a 

precipitação é reduzida e o tempo de residência aumenta. 

Watanabe et al. (2016) realizaram um experimento de curto termo no 

reservatório de Barra Bonita, com o objetivo de verificar se a seca de 2014 teve 

impacto na concentração de clorofila-a. Os autores concluíram que a seca de 2014 

contribuiu para um aumento da floração de algas no reservatório. O estudo de 

Watanabe e colaboradores não levou em consideração a fenologia do fitoplâncton no 

reservatório, portanto, não compararam anos anteriores, com o evento de seca de 

2014. 
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Abstract 
 

Climate projections models indicate that longer periods of droughts are expected within 

the next 100 years in various parts of South America. To understand the effects of 

longer periods of droughts on aquatic environments, we investigated the response of 

chlorophyll-a (Chl-a) concentration to recent severe drought events in the Barra Bonita 

Hydroelectric Reservoir (BBHR) in São Paulo State, Brazil. We used satellite imagery 

to estimate the Chl-a concentration from 2014 to 2020 using the Slope Index (NRMSE 

of 18.92% and bias of -0.20 mg m-3). Ancillary data such as precipitation, water level 

and air temperature from the same period were also used. Drought events were 

identified using the standardized precipitation index (SPI). In addition, we computed 

the probability of future drought events. Two periods showed extremely dry conditions: 

1) January - February (2014) and 2) April - May (2020). Both periods were 

characterized by a recurrence probability of 1 in every 50 years. The highest correlation 

was observed between Chl-a concentration and SPI (-0.97) in 2014, while Chl-a had 

had the highest correlation with water level (-0.59) in 2020. These results provide new 

insights into the influence of extreme drought events on the Chl-a concentration in the 

BBHR and their relationship with other climate variables and reservoir water levels. 

Drought events imply less rainfall, higher temperatures, and atmospheric dryness, and 

these factors affect evaporation and the water levels in the reservoir. 

 
 

Keywords: Extreme events, remote sensing, algae bloom, inland waters body. 

 
 

1. Introduction 
 

Phytoplankton are essential for the functioning of aquatic systems. In particular 

seasonal blooms are major sources of energy for higher trophic levels organisms 

(Smayda, 1997). When phytoplankton naturally accumulate faster than it dies, 
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phytoplankton blooms occur. However, when phytoplankton growth is affected by 

anthropogenic inputs of nutrients aquatic environments become degraded (Paerl et al., 

2014). Phytoplankton biomass can be identified through a proxy, the chlorophyll-a (Chl-

a) concentration, which is commonly monitored by water quality programs. Notably, 

phytoplankton blooms have been reported regularly in lakes, reservoirs, coastal areas, 

and oceans worldwide (Behrenfeld et al., 2014). 

Temporal and seasonal variations in phytoplankton is known as phenology, 

which responds much more quickly to meteorological and climatic forces than to 

terrestrial vegetation (Palmer et al., 2015). Phenological responses to environmental 

changes include: 1) shifts in the timing of phytoplankton blooms (Berger et al., 2010), 

2) changes in phytoplankton biomass (Elliot et al., 2006), 3) changes in their growth 

rates (Maberly et al., 1994), and 4) changes in overall biodiversity (Elliot, 2012). 

Understanding phytoplankton phenology can help to identify the environmental drivers 

in aquatic systems change, especially when phytoplankton blooms are associated with 

nutrients budgets, land use and land cover, and climatic variables (Gittings et al., 

2018). While the traditional monitoring of phytoplankton biomass is labor-and-cost 

intensive, satellite data have been used to as an alternative to estimate and monitor 

Chl-a concentrations in inland waters (Moses et al., 2009, Matthews 2011, Mishra and 

Mishra, 2012). 

Monitoring aquatic systems is important because climatic extremes such as 

drought, is severely threatening aquatic ecosystems globally (Rosenzweig et al. 2007). 

However, understanding the potential effects of climate variability on aquatic systems 

is challenging because of the multitude of responses in the entire watershed. The 

chemical, biological, and physical responses of aquatic systems are affected by climate 

extremes (Rosenzweing et al., 2007, Williamson et al., 2008, Adrian et al., 2009). 

Drought have recently increased in frequency, intensity, and duration resulting 
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in the occurrence of intense and long dry periods (Cunha et al., 2019). In Brazil, drought 

periods have become increasingly frequent, resulting in episodes of water deficit 

leading to water crises in southeastern Brazil (Nobre et al., 2016, Getirana et al., 2021). 

In addition, water deficits mean there is a higher risk of fires and there was a record 

number of fires in Amazonia and Pantanal (Marengo et al 2021, Correa et al., 2022). 

Getirana (2016) estimated terrestrial water storage anomalies for the drought in 

southeastern Brazil from 2012 to 2015 and established that the drought started when a 

water loss rate of -6.1 cm/year was detected in the region. Extreme drought is mostly 

related to lower-than-usual precipitation rates, resulting in high soil moisture depletion 

and lower rates of evapotranspiration. A reduction of 20–23% in precipitation over an 

extended period of three years is sufficient to induce serious water scarcity in the 

country. During this period, low precipitation rates led to a reduction in the levels of the 

Cantareira System reservoir. January 2014 was the driest in several decades, and with 

record high temperatures, it contributed to one of the worst water crisis in history 

(Nobre et al., 2016). 

Intensification (in space and time) of algal growth in inland waters has been 

linked to eutrophication and climate variability; however, there is little empirical 

evidence that this trend is universal (Wilkinson et al., 2022). Ho et al. (2019) used three 

decades of Landsat-5/Thematic Mapper (TM) imagery to investigate long-term trends 

in intense summertime near-surface phytoplankton blooms in 71 large lakes worldwide. 

This study found that the summertime bloom intensity increased in 68% of the studied 

lakes. In contrast, Hallegraeff et al. (2021) analyzed a global dataset extracted from 

the Harmful Algal Event Database and Ocean Biodiversity Information System for the 

period 1985–2018 and found no uniform global trend for harmful marine algae. These 

studies suggest that future research should focus on regional rather than global trends. 

One recent study used 2.91 million Landsat images from 1982 to 2019 
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to characterize algal blooms in 248,243 lakes worldwide and showed that the 

occurrence of algal blooms has increased in the last four decades (Hou et al., 2022). 

Although the relationship between phytoplankton growth and climate variability 

remains controversial, many studies have used remote sensing techniques to 

investigate their occurrence and intensity (Ho et al., 2019, Hou et al., 2022). 

In Brazil, Watanabe et al. (2016) studied the effect of the 2014 drought on the 

Chl-a concentration in Barra Bonita Hydroelectric Reservoir (BBHR). In this study, field 

data from May to October showed an increase in the Chl-a concentration during the 

most severe period of drought. However, this study did not cover the temporal 

dynamics of the Chl-a concentrations during the 2014 drought. The lack of time-series 

analysis limits the understanding of the relationship between the observed increase in 

Chl-a in the BBHR and drought events. To address this knowledge gap, this current 

study evaluated the relationship between the Chl-a concentration and precipitation, air 

temperature, water level, and drought time series (from 2014 to 2020). Our goal was 

to understand phytoplankton responses to drought events in eutrophic subtropical 

aquatic systems. 

 
 

2. Materials and methods 
 

2.1 Study area 
 

BBHR is a storage-type system (flooded area of 310 km2, volume of 3.62×106 

m3), and is in the middle course of the Tietê River, São Paulo State, Brazil (Figure 1). 

The average depth of water is 25 m with a retention time ranging from 37 to 137 days 

(Barbosa et al., 1999). The hydroelectric dam has been operational since 1963 and 

the dam has multiple uses, including power generation, fishing, recreation, and 

navigation. The BBHR is a eutrophic aquatic environment, and it is also classified as 

meso-to-hypertrophic (Smith et al., 2014; Watanabe et al., 2015) as it receives a high 
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load of pollutants from large urban centers in the São Paulo and Piracicaba regions 

(Smith et al., 2014). Additionally, nonpoint source pollution has been reported to be 

responsible for eutrophication in aquatic systems (Tundisi et al., 2008). Because of its 

high trophic level, BBHR is an emitter of greenhouse gases, such as methane (CH4), 

carbon dioxide (CO2), and nitrous oxide (NO2) (Abe et al., 2003). 

 

Figure 1. Location of Barra Bonita Hydroelectric Reservoir (BBHR) in São Paulo 

State, Brazil and sampling distribution. 

2.2. Field survey 
 

Proximal sensing data and Chl-a concentrations were measured during two field 

campaigns conducted in BBHR from (1) 4–9 May 2014, during austral autumn or the 

end of the rainy period, and (2) 13–16 October 2014, during austral spring or the end 

of the dry season. Forty samples (20 in each field survey) were collected from the 

subsurface (0.5 m). After reviewing the collected data, five samples were identified as 

outliers (based on Cook’s distance method) and excluded from the analysis. More 
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𝜆 

𝑟𝑠 

 
 
 

information about the data collection protocols and data processing can be found in 

Bernardo et al. (2018). In addition, the statistical tests used for water quality analysis 

can be found in Watanabe et al. (2018). 

Proximal sensing data (hyperspectral radiance and irradiance) were collected 

using TriOS/RAMSES (ACC-VIS and ARC-VIS) optical sensors (http://www.trios.de). 

These sensors were developed by the TriOS company in Germany with 190 channels 

between 320 and 950 nm, a spectral resolution of 3.3 nm and an accuracy of 0.3 nm. 

The viewing geometry of the radiometric data acquisition was based on the method by 

Mobley (1999), and the remote sensing reflectance (Rrs, sr-1) was calculated with 

Equation 1: 

𝑅𝑟𝑠 (𝜃, 𝜑, 𝜆) = 
𝐿𝑡(𝛩,𝜑,𝜆)−𝜌×𝐿𝑠𝑘𝑦(𝛩,𝜑,𝜆) 

𝐸𝑑(𝜆) 
(1) 

 

where Lt is the total radiance, which represents the sum of 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 in one direction; and Ed is the incident irradiance on the water 

surface. Rrs was calculated with a method proposed by Lee et al. (2010) whereby the 

spectral ρ variation was considered. 

In situ Rrs data were resampled to represent the Landsat-8/Operational Land 

Imager (OLI) spectral bands based on the relative spectral response function of each 

spectral band (Barsi et al., 2014) (Equation 2). 

∫
𝜆𝑚𝑎𝑥 𝑅r𝑠(𝜆)×𝑆𝑅𝐹(𝜆) 

𝑅𝑂𝐿𝐼 = 
 𝜆𝑚𝑖𝑛  (2) 

𝑟𝑠 ∫
𝜆𝑚𝑎𝑥 𝑆𝑅𝐹(𝜆) 
𝑚𝑖𝑛 

 

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

function for each band, and λmax and λmin are the longer and shorter wavelengths in 

each band respectively. 
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The Chl-a concentration was determined after filtering the subsurface water 

samples with 0.7 µm Whatman GF/F filters (GE Healthcare, Chicago, IL, USA. Chl-a 

was extracted using 90% acetone solution, as proposed by Golterman et al. (1978). 

 
 

2.3. Precipitation and water level data 
 

Precipitation data were calculated from the high-resolution multi-satellite 

precipitation product (Integrated Multi-satellite Retrievals for Global Precipitation 

Measurement – GPM-IMERG) that have a spatial resolution of 0.1° and a temporal 

resolution of one day (Huffman et al., 2019). Water level data were obtained from the 

online database Hidroweb of the Brazilian National Water Agency 

(https://www.gov.br/ana/pt-br). 

 
 

2.4. Drought assessment and return period 
 

Drought periods were identified using the Standardized Precipitation Index (SPI, 

McKee et al., 1993). The SPI analyzes dry and wet periods based on the probability of 

precipitation, and it was developed to quantify the precipitation deficit in a specified 

period. The minimum input period for this analysis corresponds to 3 months. 

The return period (RP) is the inverse of the probability (P) of an event. The 

probability of an event was calculated empirically for each drought class using the 

quotient of the total number of events (N) in the study period and the length of the study 

period in days (n) as PR = 1/P = N/n (Ridder et al., 2020). 

 
 

2.5. Satellite images 
 

The Landsat-8 Surface Reflectance Product that covers the area of BBHR was 

acquired from the USGS Earth Explorer database (https://earthexplorer.usgs.gov) for 

the period between 2014 and 2020. A total of 50 cloud-free images were obtained. The 

http://www.gov.br/ana/pt-br)
http://www.gov.br/ana/pt-br)
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use of the Surface Reflectance Product was previously validated for this study site and 

this product was found to perform better than other atmospheric correction methods 

(Bernardo et al., 2017). The Surface Reflectance Product was atmospherically 

corrected and generated using the Landsat-8 Surface Reflectance Code (LASRC), 

which yields surface reflectance at a 30-m spatial resolution, which is suitable for 

studying the dynamics of our study site (Silva et al., 2021). Surface reflectance was 

then converted into Rrs by dividing it by π. 

 
 

2.6. Chl-a estimation and trophic state classification 
 

To estimate the Chl-a concentration from satellite imagery, we used the slope 

index proposed by Mishra and Mishra (2010, Equation 3) and empirically calibrated it 

with our field dataset (Equation 4). The slope index was selected because of its high 

performance in the estimation of the Chl-a concentration using MSI/Sentinel 2A 

imagery for the BBHR (Watanabe et al., 2019). In situ Rrs data were resampled to 

represent the OLI/Landsat-8 bands using the relative spectral response function of 

each OLI spectral band (Barsi et al., 2014). 

 

𝑆𝑙𝑜𝑝𝑒 = 
𝑅r𝑠(𝜆2)−𝑅r𝑠(𝜆1) 

𝜆2−𝜆1 

 
 

(3) 

 

𝐶ℎ𝑙 − 𝑎 = −4.106 × 𝑆𝑙𝑜𝑝𝑒 − 28.862 (4) 
 

where λ1 is the green spectral band and λ2 is the red spectral band of OLI/Landsat-8. 

Chl-a is given in mg.m-3. 

The validation was calculated using leave-one-out cross-validation (LOOCV, 

Arlot and Celisse, 2010). An accuracy assessment was performed using the 

normalized root mean square error (NRMSE) and bias (Equations 5 and 6). 

𝑁𝑅𝑀𝑆𝐸 = 
𝑅𝑀𝑆𝐸

 
𝑦𝑚𝑎𝑥−𝑦𝑚𝑖𝑛 

× 100 (5) 

 

∑𝑛  (𝑦𝐸−𝑦𝑀) 

𝐵𝑖𝑎𝑠 =  𝑖=1  𝑖 𝑖  
𝑛 

(6) 



19 
 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 

 
 
 

where 𝑦𝐸 is the estimated value for i observation, 𝑦𝑀 is the measured value for i 
𝑖 𝑖 

 

observation, ymax is the maximum measured value, ymin is the minimum measured 

value, and 𝑦𝑀 is the average measured value. 

 
 

The Chl-a concentration dataset estimated from the OLI/Landsat-8 images was 

used to calculate the trophic state index (TSI). This index classifies aquatic systems 

into different trophic levels, allowing water quality evaluation. In this study, TSI was 

calculated based on the equations proposed by Carlson (1977) and modified by Toledo 

et al. (1983) and this method only use the Chl-a concentration for the calculation of TSI 

(Equation 7). The limits for different TSI classes are listed in Table 1. 

𝑇𝑆𝐼 = 10 × (6 − 
2.04−0.68𝑙𝑛𝐶ℎ𝑙−𝑎

) (7)
 

𝑙𝑛2 

 

Table 1. Limits for different TSI classes according to the Carlson (1977) classification 

after the modifications by Toledo et al. (1990). 
 

TSI Criterion 
 

Ultraoligotrophic ≤ 24 

Oligotrophic 24 < TSI ≤ 44 

Mesotrophic 44 < TSI ≤ 54 

Eutrophic 54 < TSI ≤ 74 

Hypereutrophic TSI > 74 

 

 

2.7. Chl-a time series analysis 
 

Water quality data often do not follow well defined probability distributions, such 

as normal and lognormal (Lettenmaier et al., 1991). Hence, probability plots were used 

to determine how well the data fit the theoretical distribution. The first step in analyzing 

the Chl-a dataset was to find the best distribution fitting, and we tested the following 

distributions: exponential, Fisher–Tippett, Gamma, Gumbel, log-normal, logistic, 

normal, student, and Weibull. To select the best-fit distribution, we used the 

Kolmogorov–Smirnov test (K-S), which is a nonparametric test based on the maximum 
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absolute deviation (D) between the two functions of the cumulative distribution 

(Equation 8). 

𝐷 = max 𝑓𝑛(𝑥) − 𝐹0(𝑥) (8) 

 
where Fn(x) is the cumulative density function based on n measurements and F0(x) is 

the specified theoretical cumulative distribution function under the null hypothesis H0. 

The values of D (n, ) are provided in the tables (Hann, 1977). If D≥D (n, ), the H0 

hypothesis is rejected, and if D<D (n, ), H0 is accepted for the chosen level of 

significance = 0.05. 

Chl-a time series were analyzed for autocorrelation using Durbin–Watson (DW) 

and for seasonality using Augmented Dickey–Fuller (ADF) tests. The DW test is widely 

used for autocorrelation in non-lagged dependent variables and when sample sizes 

are smaller. It ranges from 0 to 4, and when values are close to 2, there is no 

autocorrelation; when values are close to 0, there is a positive autocorrelation; and 

when values are close to 4, there is a negative autocorrelation (Durbin and Watson, 

1950, 1951). The ADF stationarity test was used to check for stability of the mean, 

standard deviation, and presence of seasonality (Fuller, 1996). The null hypothesis is 

that the time series possesses a unit root and is non-stationary. If seasonality is present 

in the time series, the data are not stationary. 

Trend analysis was performed using the Mann–Kendall test (Yue and Wang, 

2004) which considers the null hypothesis as having no trend. Additionally, the Theil– 

Sen Robust Linear Regression (TS) test was used to confirm the time series trends 

(Sen, 1968). The Theil–Sen test is a median-based and nonparametric test that does 

not make assumptions about the dataset distribution and outliers have on effect on the 

results. 

 
 

3. Results 
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3.1. Drought assessment 
 

Drought occurred during two periods of extreme dryness, in: 1) January and 

February of 2014, and 2) April and May of 2020 (Figure 2). In addition, severe dry 

conditions were observed for the following periods: 1) July and November of 2014; 2) 

March of 2017; 3) February and May of 2018, and 4) January of 2019. Notably, the two 

extreme dry periods occurred during Austral summer in 2014 and the austral autumn 

in 2020. 

For the months of January and February of 2014 the values for SPI, rainfall, air 

temperature and water level were -2.36 and -2.74, 104 mm and 112 mm, 26.1 ℃ and 

26.8 ℃, 449 m (utilizable storage capacity of 78.74%) and 449.44 (utilizable storage 

capacity of 76.52%) respectively. April 2020 was the month with the highest extreme 

dry conditions with SPI, rainfall, air temperature and water level values at -3.25, 20 

mm, 21.2 ℃ and 450.95 m respectively (utilizable storage capacity of 93.41%). 

 

 
Figure 2. SPI time series from 2014 to 2020. 

 
The return period of dry conditions, estimated following the approach by McKee 

et al. (1993), was calculated for the time series in this study (Table 2). The analysis 

revealed that the extreme droughts observed in 2014 and 2020 occurred once every 

50 years. It also showed that the two extreme droughts of 2014 and 2020 happened 

rarely. 

Table 2. Return period of drought events. 
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SPI Category Return period 

0 to -0.99 Mild dryness 1 every 3 years 

-1.00 to -1.49 Moderate dryness 1 every 10 years 

-1.5 to - 1.99 Severe dryness 1 every 20 years 

-2.00 or less Extreme dryness 1 every 50 years 
 

 

 

3.2. Precipitation, air temperature and water level 
 

Precipitation, air temperature and water level time series are displayed in Figure 

3a and b. Considering the values for January 2014, the maximum, minimum and 

average values of air temperature were 26.26, 24.03 and 25.21℃ respectively. The 

maximum, minimum, and average amount of rainfall were 355, 104 and 214.50 mm 

respectively. For the water level, the maximum, minimum and average values were 

449.64, 447.24 and 448.22 m respectively. In April 2020, the maximum, minimum, and 

average of air temperature, rainfall and water level were 23.46, 21.21 and 22.42℃, 

122, 20 and 65 mm, 451.09, 450.13, and 450.67 m respectively. 
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Figure 3. Monthly air temperature and rainfall (a) and monthly average water 
 

level (b). 

 
 

3.3. Chlorophyll-a algorithm validation and application 
 

The tuned algorithm (Equation 2) was validated with field data and the results 

showed an NRMSE of 18.92% (bias of -0.20 mg.m-3). The error in estimating Chl-a 

from satellite images may be high because of the reduced absorption spectra (Marra 

et al., 2007). However, Alcântara et al. (2016) used the same dataset to evaluate the 

phytoplankton package effect on the Chl-a specific absorption coefficient (a*phy) and 

concluded that this effect was more pronounced for Chl-a concentrations > 200 mg m-
 

3. Therefore, the use of satellite-based estimations of Chl-a concentration was 

validated, and the algorithm was applied to 50 OLI/Landsat-8 images. Figure 4 shows 

a set of 16 selected processed images for the study site during this period. The regions 

where high values (red) were next to the dam and the Piracicaba River. 
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Figure 4. Selected Chl-a maps showing the spatial distribution within the BBHR 

between 2014 to 2020, estimated using the Slope tuned algorithm. 

 
 

To better understand the variability in Chl-a from 2014 to 2020, we display a 

boxplot that used all 50 images (Figure 5). In summer, Chl-a concentrations tend to be 

high. The Chl-a concentration during the extreme drought in January 2014 ranged from 

9 to 1068 mg m-3
, and in April 2020, the Chl-a concentration ranged from 3 to 902 mg 

m-3. Since no cloud-free satellite images were available after January 2014, only Chl- 
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a data for September were analyzed (Chl-a ranged from 2 to 724 mg m-3). However, 

after April 2020, the next available image was for July (Chl-a ranged from 3 to 755 mg 

m-3). Notably, the three highest Chl-a concentrations were found in March 2017 (austral 

autumn) (Chl-a ranged from 2 to 1625 mg m-3), August 2018 (austral winter) (Chl-a 

ranged from 3 to 1463 mg m-3), and August 2020 (austral winter) (Chl-a ranged from 2 

to 1267 mg m-3). The SPI for March 2017, August 2018 and August 2020 were 0.50 

(almost normal), 0.53 (almost normal) and -0.92 (almost normal) respectively. The air 

temperature and rainfall values were 21.5℃ (122 mm), 19.15℃ (89 mm) and 19.92℃ 

(33 mm) respectively. Lastly, the water level and useful volume were 451.14 m 

(95.73%), 449.65 m (78.81%) and 450.06 m (83.35%) respectively. 

 

 
Figure 5. Boxplot showing the distribution of Chl-a concentration from 2014 to 

2020. 

3.4. Chl-a time series fitting distributions 
 

The results of the fitting distributions applied to the Chl-a time series are 

presented in Table 3. The highest p-values from the Kolmogorov–Smirnov test were 

logistic, normal, and Weibull distributions. The logistic and normal distributions were 

statistically equal and very close to the Weibull fitting. 

Table 3. Kolmogorov–Smirnov test results for fitted distributions to the Chl-a time 

series. 
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Distribution p-value 

Exponential <0.0001 

Fisher-Tippett <0.0001 

Gamma 0.861 

Gumbel <0.0001 

Log-normal 0.632 

Logistic 0.922 

Normal 0.923 

Student <0.0001 

Weibull 0.945 

 
 

The Chl-a dataset was better represented by the Weibull distribution (Figure 6), 

with p-value (two-tailed) from the Kolmogorov–Smirnov test equal to 0.945 (alpha = 

0.05) and D = 0.082. 

 
Figure 6. Chl-a time series fitted using a Weibull distribution. 

 

The Weibull distribution showed that the main density for Chl-a concentrations 

ranged from 150 to 170 mg m-3 and 210 to 230 mg m-3; and the lowest density ranged 
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from 50 to 80 mg m-3. High concentrations of Chl-a were uncommon after calculating 

the average Chl-a from the satellite images. 

A DW test was applied to the Chl-a time series to verify the presence of 

autocorrelation. Autocorrelation refers to the degree of similarity between a given time 

series and lagged version over successive time intervals. The DW test showed that the 

residuals of the Chl-a time series were not autocorrelated because the p-value was 

greater than the significance level = 0.05 (Table 4). Therefore, the Chl-a 

concentrations estimated by the satellite images were independent of each other. 

Table 4. Durbin–Watson test results for Chl-a time series. 

 

DW 1.635 

p 0.155 

p-value (one-tailed) 0.191 

 0.050 

 
 

The results from the Augmented Dickey–Fuller test show that the computed p- 

value was lower than the significance level = 0.05. Therefore, the null hypothesis 

should be rejected, which means that the Chl-a time series is stationary (Table 5). In a 

stationary process, the mean, variance, and autocorrelation structure do not change 

over time. From Figure 4, we can see variability in Chl-a; however, this cyclicity was 

not significant over time. This may occur because the satellite data have a short time 

resolution that prevents it from capturing the Chl-a bloom during our study period. 

Table 5. Augmented Dickey–Fuller test results for Chl-a time series. 
 

𝜏 (Observed value) -5.106 

𝜏 (Critical value) -3.513 

p-value (one-tailed) 0.001 

 0.05 
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The Mann–Kendall test shows that the computed p-value was greater than the 

significance level  = 0.05; therefore, we cannot reject the null hypothesis—i.e., a trend 

was detected in the Chl-a time series. A trend is a pattern in data that shows the 

movement of a series to relatively higher or lower values over a long period of time. 

Sen’s slope was -0.481 (Table 6), indicating a negative trend. 

Table 6. Mann–Kendall and Sen’s slope test results for Chl-a time series. 

 

Kendall's 𝜏 -0.056 

S' -17.000 

Var(S') 1393.000 

p-value (Two-tailed) 0.668 

 0.050 

 
 

3.5. Trophic Status Index versus SPI 
 

The TSI was calculated from the Chl-a derived from satellite images, and a 

boxplot of the TSI for each SPI class was plotted (Figure 7). For mildly wet conditions, 

only one median value of TSI was identified. However, an increase in TSI from almost 

normal to extremely dry conditions was evident. In general, mildly wet, mildly dry, 

severely dry, and extremely dry events resulted in TSI being classified as eutrophic 

while almost normal events meant that TSI was classified as hypereutrophic. The rule 

was that 54 < TSI ≤ 74 indicated eutrophic waters and TSI > 74 indicated 

hypereutrophic waters. 
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Figure 7. Boxplot of TSI based on the Chl-a estimated by satellite images by SPI 

class. 

The almost normal events showed the highest variability in TSI from minimum 

to maximum. The TSI median was higher for severely dry events than for extremely 

dry ones; however, higher values of TSI were observed during extremely dry events. 

 
 

3.6. Correlation between Chl-a and meteorological data 
 

The time-window correlation coefficients between Chl-a and air temperature, 

rainfall, SPI, and water level are shown in Figure 8. This graph shows the correlation 

using windows of 6 × 6 months. In 2014, the correlations between Chl-a and air 

temperature, rainfall, SPI, and water level were 0.79, 0.26, -0.97 and -0.34 

respectively. Chl-a had the highest (negative) correlation with the SPI in 2014. In 

2020, the correlations were 0.54, 0.42, 0.04 and -0.59 respectively. Water level 

showed a positive correlation for those years that had mildly wet to almost normal 

events. 
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Figure 8. Windowed time lagged (6 × 6 months) Pearson's correlation between Chl-a 

concentration versus air temperature, rainfall, SPI, and water level. 

 
 

4. Discussion 
 

4.1 Use of Earth Observation for phytoplankton biomass monitoring 
 

The use of remote sensing for monitoring water quality in inland waters has 

expanded over the last two decades (Ogashawara, 2021). Recently, several studies 

have explored the use of satellite imagery to create time-series of algal information, 

especially from sensors of the Landsat family, which is a long-term mission of Earth 

Observation data acquisition (Ho et al., 2019, Kuhn and Butman, 2021, Hou et al., 

2022, Fang et al., 2022). However, based on the methodology used in these studies, 

only floating phytoplankton biomass was considered because none of these studies 

used aquatic atmospheric correction (suitable for aquatic environments, especially 

inland waters). Ho et al. (2019) and Fang et al. (2022) did not use atmospherically 

corrected data; therefore, the information retrieved by these studies did not consider 

the effects of the atmosphere or sun glint, sky glint, and adjacency. Hou et al. (2022) 

used a surface reflectance product but the product they used did not consider the 
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effects of sun glint and adjacency of the surrounding land. In this study, we also used 

a surface reflectance product, which had been validated in previous studies (Bernardo 

et al., 2017, Silva et al., 2021). Although the product was validated for some images, 

we note that the time-series analysis can still be affected by sun glint and adjacency 

effects of the surrounding area of the BBHR. 

While the use of Earth Observation for the estimation of Chl-a concentration was 

found to be accurate in some studies (Moses et al., 2009, Matthews, 2011, Mishra and 

Mishra, 2012), its use for monitoring nutrients is an underdeveloped process. 

Therefore, the use of Earth Observation for the estimation of nutrients is based on 

empirical relationships, and we could not establish a reliable time series of nutrient 

data to enhance our analysis. Nevertheless, the physicochemical properties and 

accelerated eutrophication of BBHR were likely caused by human interference 

(Matsumura-Tundisi and Tundisi, 2005; Buzelli and Cunha-Santino, 2013; Rietzler et 

al., 2018). Limnological variables were also compromised by wastewater and 

agricultural activities (Silva et al., 2022). 

 
 

4.2 Phytoplankton biomass dynamics 
 

Climate variability has altered rainfall regimes, affecting reservoir storage, 

stream flow, soil moisture, and water availability in southeastern Brazil. The Tietê River 

where the BBRH was located, had its water storage capacity reduced to approximately 

3% owing to the most severe drought in 2014 (Coelho et al., 2016, Nobre et al., 2016). 

During this period, the water flux at the dam was controlled and the water retention 

time increased, making the reservoir a suitable place for phytoplankton growth. 

Higher Chl-a concentrations were associated with higher light and nutrient 

availability during the austral summer (Figure 4) and this was consistent with the in- 

situ observations by Odebrecht et al. (2015). The study area experienced an extremely 
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dry event in January and February 2014 (Figure 5) owing to a precipitation deficit 

(Coelho et al., 2015) and this low precipitation rate, combined with the high retention 

time, led to an increase in the Chl-a concentration in January. This phenomenon was 

also observed by Londe et al. (2016), who concluded that an increase in water 

residence time made the reservoir surface full of phytoplankton bloom. 

Compared to the drought in 2020, the extreme drought in 2014 was more 

positively correlated with air temperature; however, a positive pattern was also 

observed in 2020. This indicates that an increase in air temperature has increased 

phytoplankton biomass, whereas a decrease in the SPI will increase phytoplankton 

biomass. Increasing air temperature also affects primary productivity, solubility, 

nutrient biogeochemical cycling, reaction rates, soil moisture, and other factors related 

to water quality (Coffey et al., 2018) 

BBHR was classified as a eutrophic-hypertrophic waterbody (Figure 7), which 

confirms that eutrophication in the reservoir was a result of several processes, such as 

land-use land cover changes in the watershed, diffuse and specific pollution, and 

hydropower operation (high water retention time). Salk et al. (2022) used an 

experiment on eutrophication in lakes and showed that increases in water temperature 

associated with climate change can lead to earlier and larger phytoplankton blooms. 

Therefore, the use of meteorological and climatological data should always be 

considered in the assessment and modelling of water quality and this includes the use 

of the maximum air temperature. 

The hydrological cycle has been modified by climate change and increasing 

eutrophication potential creates favorable conditions for cyanobacterial growth (Paerl 

and Paul, 2012). Cyanobacterial harmful algal blooms (cHABs) are a serious public 

health issue worldwide because of their ability to form dense biomass-producing toxins. 

cHABs toxins can cause gastrointestinal distress, dermatitis, liver failure, and 
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death in domestic and livestock animals (Stumpf et al., 2016, Alcântara et al., 2021). 

This is an important finding for BBHR because the São Paulo State Environmental 

Agency (CETESB) annual reports (CETESB 2011–2015) showed that BBHR was 

mostly dominated by cyanobacteria, including potential cHAB toxin producers. The 

2014 and 2020 droughts started as meteorological events that led to hydrological 

droughts. A meteorological drought is associated with periods of low rainfall, high 

temperatures and high evaporation rates. Meanwhile, water shortages are caused by 

hydrological droughts and such droughts can increase water retention time. In addition, 

the increasing of air temperature due to climate change can influence the heating and 

cooling of aquatic systems, altering water column mixing and stratification patterns and 

increasing the potential of algal blooms (Alcântara et al., 2010). The phytoplankton 

species richness in reservoirs such as BBHR is influenced by water column mixing and 

retention time (Matsumura-Tundisi and Tundisi, 2005) and the predominance of 

determined species is associated with water column stability (Tundisi et al., 2010). 

Alcântara et al. (2010) studied the pattern of water column mixing and 

stratification in the Itumbiara Reservoir, located between Minas Gerais and Goiás 

states in Brazil. From January (austral summer) to May (austral autumn) and from 

August (austral winter) to December (austral summer), the water column stratifies. 

Conversely, from May to August, the water column mixes. Cyanobacterial blooms 

generally occur when the retention time is longer, whereas diatoms and Chlorophyta 

have shorter retention times (Perry et al., 1990). 

BBHR is polymitic with a short period of column stability; the planktonic 

community structure and succession of species rapidly change due to cold fronts and 

retention time. During water column stability, blooms of Microcystis sp. are common. 

Human activities in watersheds, such as untreated wastewater, high suspended 

material, and fertilizers from agriculture, have a considerable impact on primary 
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productivity (Tundisi, Matsumura-Tundisi and Abe, 2008). This highlights the 

importance of long-term monitoring programs for algal blooms and using it to evaluate 

the influence of extreme climatic events such as droughts. 

 
 

5. Conclusion 
 

The slope index used to derive the Chl-a concentration was suitable for 

application to OLI/Landsat-8 images, with an NRMSE of 18.92% and bias of -0.20 mg. 

m-3. High concentrations were observed during the summer in BBHR, especially in 

January and February. The same period that experienced extreme drought events in 

2014 was also confirmed using the SPI time series analysis. The Chl-a concentration 

was positively correlated (r=0.79) with air temperature and negatively correlated with 

SPI (r=-0.97) in 2014. These results indicate an increase in algal biomass due to high 

air temperatures and low SPI. In 2020, another extreme drought event was observed, 

where the Chl-a concentration was positively correlated with air temperature (0.54) and 

negatively correlated (-0.59) with water level. Our results suggest an unexpected 

dynamic for the occurrence of phytoplankton blooms, which are usually associated with 

the transport of nutrients from agricultural land to aquatic systems via rainfall. 

Therefore, our findings show the need for further investigation, especially for the 

identification of phytoplankton species, to improve water quality monitoring, especially 

with climatic variability. Lastly, this assessment was supported by the recurrence 

probability of drought events, which meant that such similar events may occur once 

every 50 years. 
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3 CONSIDERAÇÕES GERAIS 

 
 

O aumento da degradação ambiental no último século causou significativo 

aumento na severidade e distribuição geográfica dos episódios de HABs (harmful algal 

bloom), tanto em lagos pequenos quanto grandes, em reservatórios e rios, e em outras 

superfícies aquáticas ao redor do globo. As variações observadas são referidas à 

fenologia do fitoplâncton, que é a característica de eventos naturalmente recorrentes 

como os ciclos sazonais. A abundância de fitoplâncton e sua fenologia podem ser 

definidas como um indicador ecológico e estudos têm comprovado que as mudanças 

climáticas atuam sobre a variabilidade natural do fitoplâncton (PLATT et al., 2003; 

KOELLER et al., 2009; GITTINGS et al., 2018). 

As mudanças climáticas locais, associadas às mudanças globais, também podem 

favorecer a proliferação das cianobactérias como os eventos mais longos e intensos 

de precipitação, que proporcionam o aumento do carreamento de nutrientes 

provenientes das bacias hidrográficas, tornando o corpo d’água um ambiente com 

potencial para as HABs, principalmente se estes episódios de chuvas foram seguidos 

por períodos de seca, o que tem sido cada vez mais observado desde meados dos 

anos 1990 (PAERL, HULSMAN, 2009; HALLEGRAEFF et al., 2010). 

Um cenário criado a partir de modelos de predição (IPCC RPC8.5) de floração de 

algas em águas oceânicas de altas, médias e baixas latitudes, considerando os 

primeiros 20 anos (2006- 2025) e os últimos 20 anos (2080-2099), previu como o 

tempo de floração do fitoplâncton se alteraria em resposta às mudanças climáticas 

projetadas para o século 21. A floração nos subtrópicos, no hemisfério norte, tenderá 

a se iniciar mais tarde (trocando seu início na primavera pelo início no outono). Em 

contrapartida, nos trópicos e no Oceano Antártico, a floração tenderá a ter seu início 

adiantado. Estes padrões observados são condizentes com a redução da amplitude 

sazonal da camada limnológica, que reduz a disponibilidade de nutrientes, fazendo com 

que as condições de floração nos subtrópicos do hemisfério norte se aproximem 

daquelas observadas nos trópicos. 

Estima-se que as mudanças no tempo de floração ao redor do globo serão de ± 

20 dias até o final deste século (HENSON et al., 2017). Record et al. (2019) expuseram 

que com o aquecimento do clima, o verão torna-se mais longo, e deverá anteceder os 

episódios de floração na primavera no Golfo do Maine. Apesar de ser um fenômeno 

mundial, a maioria dos estudos publicados relacionando as toxinas das cianobactérias 

e HAB referem-se às zonas temperadas. Casos de cianobactérias já foram relatados 

no Brasil, Tailândia, Austrália, porém, o detalhamento desses casos pode enriquecer 
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a discussão sobre a especificidade das regiões tropicais neste tipo de evento. 

Os estudos de monitoramento da fenologia do fitoplâncton, a partir da utilização 

de dados de satélite, além do seu baixo custo, permitem o acesso remoto às 

informações da superfície terrestre de épocas passadas, considerando a necessidade 

de longos períodos (> 30 anos) de análise, como indica a Organização Mundial de 

Meteorologia (WMO), na identificação das mudanças impulsionadas pelo clima. 

A clorofila-a, por estar presente em todas as espécies de fitoplâncton, é a medida 

mais próxima na determinação da biomassa fitoplanctônica, e pode ser relacionada 

aos dados espaciais. Modelos para estimativa de clorofila-a via dados de sensores 

remotos aplicados em águas interiores revelam a eficácia dessa abordagem 

(TOMLINSON et al., 2015; MAEDA et al., 2019). 

Os reservatórios brasileiros estão sujeitos aos efeitos das mudanças climáticas 

(TRANVIK et al., 2009), além das interferências de atividades que favorecem a 

eutrofização, que propiciam os eventos de HABs. Por apresentarem grande 

complexidade física, química e biológica, os reservatórios são um desafio à gestão da 

qualidade da água. Dessa forma, a compreensão e o monitoramento sistêmico dos 

eventos de HABs são medidas de auxílio aos órgãos gestores de corpos hídricos, 

além de permitirem a prevenção de desastres naturais que causam desequilíbrios 

ecossistêmicos e prejuízos à saúde pública.
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