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Abstract

Satellite remote sensing, particularly using the MODIS orbital platform, is crucial for large-scale lake monitoring, allowing the
observation of optically active components with suitable spatial and temporal resolution for lakes with surfaces greater than 40
hectares. In this context, the objective of this article was to propose a methodology that improves the retrieval and monitoring of
data related to Total Suspended Solids (TSS) in large lakes. The methodology employed involved defining a baseline to map the
spatiotemporal dynamics of TSS using MODIS band 1, which generates information in the infrared spectrum and is centered at 645
nm. The method was tested in the Porto Primavera Reservoir (PPR), Brazil. To validate the model, two fieldwork campaigns were
conducted in the PPR, where radiometric and water quality data were collected. An empirical model was fitted between reflectance

and the TSS data set (r = 0.93, R2 = 0.85, p < 0.01, n = 25). This empirical model was applied to a time series of MODIS images
from May 2000 to April 2020. Using the spatial distribution maps, a time series was created from an average pixel of the sampling
stations, and then this time series was analyzed to separate the trend and seasonality. The results showed that the average TSS values
observed in the time series were 5.79 mg/L. The seasonality of the time series revealed that the highest concentration is recorded in
the austral summer (December-February), the rainiest season. The trend component indicates that variations in TSS concentration
coincide with exceptional events of increased precipitation and with a homogenization interval of the waters following the reservoir's
construction.

Keywords: BFAST algorithm, surface reflectance, temporal series, remote sensing, optical active components.

Resumen

La teledeteccion satelital es crucial para monitorear lagos a gran escala, permitiendo la observacion de componentes dpticamente
activos con una resolucién espacial y temporal adecuada para lagos con superficies mayores a 40 hectéreas. El objetivo de este articulo
fue proponer una metodologia que mejore la recuperacién y el monitoreo de los datos correspondientes a los Sélidos en Suspension
Totales (SST) en lagos de grandes dimensiones. La metodologfa empleada consistié en definir una linea base en la que se puede
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mapear la dindmica espacio temporal de los SST a partir de la banda 1 de MODIS que genera informacion en el espectro infrarrojo y
estd centrada en los 645 nm. El método fue probado en el Embalse de Porto Primavera (EPP), Brasil. Para comprobar la validez del
modelo se realizaron dos trabajos de campo en el EPP, en los que se recolectaron datos radiométricos y de calidad del agua. Un

modelo empirico fue ajustado entre la reflectancia y el conjunto de datos de SST (r = 0.93, R%=0.85, p < 0.01, n = 25). Este modelo
empirico fue aplicado a una serie temporal de imagenes MODIS desde mayo de 2000 hasta abril de 2020. Usando los mapas de
distribucion especial, se creé una serie del tiempo a partir de un pixel promedio de las estaciones de muestreo, esto se analiz6 para
separar la tendencia y la estacionalidad. Los resultados mostraron que los valores promedio de SST observados en la serie temporal
son de 5.79 mg/L. La estacionalidad de las series temporales revelé que la mayor concentracién se registra en el verano austral
(diciembre-febrero), la estacién mds lluviosa. La componente de tendencia indica que las variaciones en la concentracién de SST
coinciden con eventos excepcionales de aumento de precipitaciones y con un intervalo de homogeneizacion de las aguas posterior a la
construccion del embalse.

Palabras clave: Algoritmo BFAST, reflectancia de superficie, series temporales, teledeteccién, variable dpticamente activa.



TeEcNoL6GIcAS, , 2024, voL. 27, No. 60, MAYO-AGosTo, ISSN: 0123-7799 / ISSN-E: 2256-5337

Highlights

BFAST is a remote sensing tool that allows the observation of optically active components of the
waters.

BFAST models the trend of the variable, highlighting the differences between the observed and
modeled values.

The BFAST algorithm for MODO09GA products considers interannual variability.

Highlights

BFAST es una herramienta para la teledetecciéon que permite la observacién de componentes
dpticamente activos de las aguas.

BFAST modela la tendencia de las variables, resaltando las diferencias entre los valores observados y los
modelados.

El algoritmo BFAST en productos MODO09GA considera la variabilidad interanual.

1. INTRODUCTION

Continental and coastal waterbodies are considered highly sensitive strategic ecosystems to anthropogenic
pressure and climate change [1], [2]. It is important to consider that around these natural environments is
concentrated more than 60 % of the world's population [3]. Besides, people use the water in activities such as
fishing, human consumption, agriculture, industry, recreation, tourism, and electricity generation. These
multiple uses of the water can cause several environmental problems that might have a direct impact on its
quality [4].

According to [3], [5]-[7] one of the main indicators that determines how healthy an aquatic ecosystem is, is
the clarity (turbidity), which is influenced by the amount of dissolved matter and TSS. These particles can
vary in size and range from nanoscale to sand-sized sediments. An excess of suspended solids can cause a lot of
detrimental effects on water resources, causing problems such as decreased light availability for primary
productivity, eutrophication, hypoxia, and algae proliferation in the aquatic environment [2], [8]-[11].

Consequently, authors such as [12], [13] indicate that monitoring the TSS variable constantly in an aquatic
environment is indispensable, taking into account the high diversity and dynamics in the spatial and temporal
domains of this parameter in continental waterbodies. In this context, [14]-[16] show that traditional in situ
sampling techniques are limited when it looks for representing the spatial and temporal variability of a
waterbody. Thus, it is recommended the use of remote sensing methodologies to have a synoptic view of the
lake and obtain an estimated measurement with a high time frequency of the variable of interest.

Thus, models to calculate TSS concentration can use a single-band empirical algorithm, or something that
involves performing a previous band mathematical process, where the reflectance captured by the remote
sensor is directly related to TSS measurements collected in situ [3], [17], [18]. To achieve the correlation
model, statistical techniques are used, which can be linear or nonlinear. According to [9], [19], [20] the most
suitable regions that have electromagnetic spectrum to estimate TSS concentration are located in the red and
near-infrared spectral bands. According to [21]-[24] they demonstrate that the remote estimation models
used may have a coefficient of determination greater than 0.7, provided that TSS concentrations vary between
5 mg. L-1to 200 mg. L-1.

In accordance with [3], [8], [17], [25] IKONOS, MERIS (MEdium Resolution Imaging Spectrometer),
SPOT (Satellite Pour I'Observation de la Terre), Landsat and MODIS (Moderate Resolution Imaging
Spectroradiometer) sensors possess spectral bands which are carefully positioned to estimate the concentration
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of TSS in water. Of the above mentioned sensors, MODIS has presented the best results. Authors such as
[18], [19], [24], [26] claim that the reasons for this positive performance, is that MODIS has a higher spectral
resolution (36-band, 8-band in its spectral range of red and infrared light) [27], it generates a daily surface
reflectance product (MODO09GA) and their average spatial resolution (250 m, 500 m and 1000 m) allow large
bodies of water (greater than 40 Ha) to be mapped in a single frame [28], [29].

Based on the aforementioned ideas, it is defined that monitoring optically active variables using medium-
resolution images with high temporal frequency can be performed in a large lake like the PPR [28], [29]. This
reservoir is located among the states of Sao Paulo, Mato Grosso do Sul, and Paranj, it includes several water
bodies, and is situated in the Parana River floodplain. The region's climate is humid subtropical mesothermal,
with a drier period from June to August [30], [31]. The construction of the Porto Primavera dam caused
significant socio-environmental changes, flooding 80 % of the area on the Mato Grosso side [32]. The
reservoir extends from the Jupid dam to Primavera in Sao Paulo. This development affected over 50 % of the
floodplain between the Jupid and Itaipt dams, disrupting ecological, economic, and cultural activities [31],
(32].

The primary objective of this research was to generate a time series with a homogencous frequency (1
month) using MODIS images, which are suitable for monitoring the flooded area in the Porto Primavera
Reservoir and analyzing optically active limnological variables such as TSS.

The analysis focuses on identifying the most significant changes in the TSS parameter trend over 20 years
(May 2000 to April 2020) using the BFAST (Breaks for Additive Season and Trend) algorithm. BFAST is an
algorithm that detects long-term trend changes in natural phenomena through statistical tests and the
identification of breakpoints in time series data [33]. Its primary application in remote sensing is in
phenological studies, making it a valuable tool for remote sensing studies of inland and coastal waters. BFAST
models the variable's trend, highlighting the differences between observed and modeled values, and considers
interannual variability [34], [35]. To work effectively, BEAST relies on historical data to generate a baseline
model and detect interannual alterations over the monitoring period. This R library can detect both gradual
and abrupt changes, including multiple breakpoints and seasonal variations. In this study, BFAST was
employed to characterize the timing, magnitude, and direction of changes, identifying disturbance events in
the TSS variable. This approach enables the analysis of the impacts of abrupt climatic changes or natural lake
dynamics on the TSS over 20 years, highlighting periods of significant increase or decrease.

2. MATERIALS AND METHODS

2.1 Geographic location

The Porto Primavera reservoir (530 W to 520 W and 220 to 22'S -30'S), as shown in Figure 1a, is located in
the south-west of Brazil [32]. The maximum depth of the lake is 35 m and occupies an area of 2500 km. [31].
The wall built to form the reservoir, is the largest in the country, with a length of 10186.20 m. The main
function of this reservoir is the generation of electricity, with a capacity of 1814 MW, which corresponds to

23 % of the energy consumed by the State of Sao Paulo [36], [37].
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Figure 1.
Geographical location of the Porto Primavera reservoir. (a) The water basin of the reservoir is indicated in the circle. (b)
Displays reservoir boundaries and spatial distribution of sampling points. The dotted areas (circles) indicate 1) mouth of

the Rio do Peixe; 2) Pardo River mouth; 3) Transition zone; 4) region near the reservoir wall.
Source: own elaboration.

2.2 Methodology

Five main processes were conducted in order to extracts the historical concentration of TSS variable over a
period of 20 years using MODIS images (MODO09GA) in PPR (Figure 2). The process (a) shows field
campaigns radiometric and TSS data collection in PPR, next step (b) was download the MODIS images and
clip spatial and spectrally MODO9GA products. Quality Control bands (state_1 km and QC_500 m) that
come with the MODO09GA reflectance products are used to ensure the quality of the images, the resulting
image is converted to surface reflectance (box ¢). The TSS values obtained in the laboratory are correlated,
analytically, with the field spectral data corresponding to the band centered at 645 nm, the model is
extrapolated to a time series of 252 MODIS images (box d). Finally, time series vectors are extracted from
pixels that match the sampling points, an average vector is obtained from the 25 sampling observations, and
lastly the average time series is separated and analyzed using the BFAST algorithm (box ¢).
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Figure 2.
Flow-chart of the methodology applied in this study.
Source: own elaboration.
2.2.1 Data collection

Figure 1b illustrates the spatial distribution of 25 sampling points located throughout the PPR. To
determine the optimal locations for these sampling stations and the best times for sampling campaigns, a time
series of MODIS images from May 2000 to April 2013 (156 scenes at one-month intervals) was used. These
images were preprocessed as described in Chapter 2.2.3. The RIMODIS (645 nm) was applied to determine
TSS concentration, allowing for the identification of sampling points with the highest variability over the 13-
year period, given the strong correlation between this band and TSS concentration in tropical waters [38]

(Figure 3).
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Map of temporal average standard deviation intervals of bands ratio B4/B3 and the distribution of sampling units.
Dashed lines show the sampling point groups in PPR.

Source: own elaboration.

To determine the most suitable seasons for sampling, the same set of images was used to create monthly
average images. The average value of each image was analyzed to identify the seasons with the highest (fall) and
lowest (spring) variability in TSS concentrations. This analysis indicated that autumn and spring were the
most appropriate seasons for conducting sampling campaigns in the reservoir.

Fieldwork was applied on dates when the TSS parameter had less (October 6th ~ 10th (2014) and greater
variability (April 13th ~ 16th (2015)). The data include a total of 49 samples, 24 samples from October
(2014) and 25 samples from April (2015). Table 1 shows the exploratory analysis data and descriptive
statistics of TSS in field campaigns. The collection of spectroradiometry samples were carried out between 9
am and 3 pm local time. In order to measure and analyze the TSS variable, it was necessary to collect water
samples in bottles and filter their contents using a vacuum pump and Whatman filters of 0.5 um-0.7 pum.
These filters were previously incinerated at 480 .C for six hours in a muffle and weighed on an analytical
balance before being released to fieldwork. Once in situ sampling was completed, the filters were stored at -4.C
in a refrigerator and then dried for 24 hours at 60.C on a stove. At the end, the filters were weighed again and
(1) was used to determine the total amount of matter suspended in water [39].
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Table 1
Summary of TTS concentration N49 in fieldworks of October 2014 and April 2015

Samples TSS Concentration mgeL-1
Date ) ) Sy . Standard

Total Calibration  Validation Max Min Mean des
October
2014 25 24 14.78 0.2 4.06 458
April 2015 25 24 18.15 0.019 5.5 5.57

Source: own elaboration.

mg {(A— B)+ 1000
TSS—= = - m
Where, A: filter weight after filtering water contained in the bottles; B: filter weight before being released to

field work; C: volume of filtered water.
2.2.2 MODIS product and digital image processing

The MODIS sensor, which is aboard the Terra orbital platform, has been taking images of the earth since
2000. The products obtained by this sensor have between 2 to 36 spectral bands, and their values can be
expressed in radiance scaling or surface reflectance 8], [15], [40], [41]. One of the products generated by the
sensor is MODO09GA; this contains surface reflectance data that is generated on a daily basis and a spatial
resolution of 500 m [28].

For this study, MODIS images were downloaded from the United States Geological Survey (USGS)
(http://earthexplorer.usgs.gov/) website, and a total of 1751 images were taken from May 2000 to April 2020.
According to [17], [27], [42], the bands located at the spectral intervals of red and infrared provide sufficient
sensitivity to correlate their reflectance values with water quality indicators such as TSS. For this particular
study, band 1 (620 nm -670 nm) was used, which it was possible to recover the concentration of TSS in the
Porto Primavera reservoir.

2.2.3 Image processing

To generate the time series of MODO09GA products between May 2000 and April 2020 month by month, a
total of 1751 images were downloaded. Subsequently, these images were pre-processed by performing the
following actions: spectral trimming, spatial trimming, UTM mapping re-projection, and pixel resampling at
250 m using the nearest neighbor interpolation method and the MODIS Reprojection Tools (MRT). When
using the equation defined by [43] (2), the values of the digital numbers contained in the reflectance image
were converted. To make all processes faster, it was necessary to create computational routines in the Python
and R languages to perform parallel tasks. Using routines developed in the Python programming
language, .prm files necessary for performing spatial and spectral cropping of MODIS images are created.
Subsequently, using the pyhdf.SD library available in Python version 2.7, the elements contained in the HDF
meta-file are processed.

P;
10000

(2)
Where is the pixel at the i position of any of the reflectance bands contained in the MODO09GA product.
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The next step was to use the quality assessment bands State_lkm_1, QC_500m_1 to determine the pixel
quality of the image; this process allowed to eliminate images that had more than 10 % errors by cloud
occlusion or sensor errors. After the sub-pixel debugging process was completed, the images with fewer errors
were chosen for a month. The Python computational routine in this step allowed for the evaluation of each
pixel and the creation of a new, error-free file that can be detected during the production of MODIS products.
As a result, a time series was obtained with 252 observations. To achieve a time series with a homogeneous
frequency, it was necessary to use interpolation techniques such as moving average, to create an average image
in the months when it was not possible to have one image at least with less than 10 % error.

2.2.4 Spectral analysis

Water surface reflectance measurements were performed using a FieldSpec UV/VNIR ASD HandHeld
spectroradiometer, which has a spectral resolution of 355 nm to 1075 nm and a sample range of 1.6 nm. The
signal collected by the computer is quantified in 16 bits [44]. In this work, the Hemispherical-Conical
Reflectance Factor (HCRF) was measured, as shown in the reflectance curves analyzed in (Figure 2). Then, in
order to obtain surface reflectance measurements, it was collected spectroradiometry readings from the
waterbody, sky, and spectralon reference panel for each point. Equation (3) defined by [45] is used to obtain
the surface reflectance curve.

{Lr - PLS}

R, =—— =2
(Rig Lg) (3)

Therefore: Lz is the total radiance captured by the spectroradiometer coming from the waterbodys; . is the
radiation that comes from the sky (skylight) in the air-water interface which depends on the azimuth, data
acquisition geometry, wind speed and surface roughness; Ls is diffuse sky radiation and has no information
about water; Ry is about fiducial marker reflectance measured under controlled conditions (laboratory); Lg is
the radiance measured in the field of view.

2.2.5 Integrating MODIS spectral bands

Before creating the empirical model estimation for the TSS variable in the region, it was necessary to
convert the measured field reflectance, using the response functions for band 1 in the MODIS sensor. This
process was carried out in order to simulate the remote sensing reflectance signals (Rrs(Ai)) recorded by the
sensor and centered on a given Ai wavelength. Equation (4) allows to obtain the reflectance data of each

MODIS spectral band [46], [47].

S R,

LS (4)

Where A1 and An are the lower and upper limits of the band (Bi being i = 1, 2... 36). S(A) is the spectral
response function [48]. Rrs()) signal collected in the field with the FieldSpec UV/VNIR ASD HandHeld

spectroradiometer.

R,.(Bi) = z

2.2.6 Empirical regional model and estimating measurement uncertainty associated with the model

A large number of regional algorithms have been developed to estimate the TSS variable; these can be
calculated from the correlation between the concentration of the variable measured in-situ and the reflectance
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contained in the image pixels and using the measure field reflectance collected (the models found among the
relationships of the variables can be linear, quadratic, exponential, logarithmic or polynomial type) [49], [9].

According to [3], [40], empirical estimation algorithms using band 1 (B1 645 nm) and band 2 (B2 858.5
nm) of MODIS sensor can be classified into six categories: with a single band (B1, B2), difference between two
bands (B1-B2), sediment index ((B1-B2)/ (B1+B2)), band division (B2/B1) and division logarithm (log (Rrs
(B2))/ (Log (Rrs (B1))).

As stated above and according to [50]-[54], the best wavelength to recover TSS values lower than 200 mg
L-1 is located in the red light spectral intervals (620 nm to 670 nm). Therefore, it is defined that to estimate
the TSS in the PPR, it is possible use a single band algorithm that uses the spectral channel centered at 645 nm
(B1), the above, taking into consideration that the body of water does not present readings greater than 30
mgL-1. Once the MODIS band is selected, we proceeded to correlate the pixel reflectance of the MODIS
image, and the field read with the TSS concentration. With the two field campaigns conducted on the lake, a
dataset is separated to calibrate the model (samples collected in October 2014) and validate it (samples
collected in April 2015).

In order to validate the applicability of the model to estimate the TSS, the statistical estimators R2, MAE
(5), MSE (6), RMSE (7), %RMSE (8) and p-value were used.

JlJ
1
MAE = E leXssri,i - Xmari,il
i=:

(5)
MSE = E‘l:'..‘r:l{Xaer,i - Xma:i,i}:
N (6)
REMSE = \,EE;l{Xssri — Xea)®
N
(7)
RMSE
%) RMSE =
(%) MAXX pog — MINX,, o4 (8)

In the previous equations, Xesti is the value of the TSS parameter estimated by the empirical algorithm.
Xmed is the TSS value measured in the lab. MAX and MIN are the maximum and minimum TSS values read
in the lab.

2.2.7 Generation and analysis of the TSS parameter time series

To extrapolate the empirical algorithm in October 2014 field campaign (calibration model) into the 252
MODIS images in the time series, the procedure defined by [55] is followed. Subsequently, temporary vectors
are extracted from the 25 sampling stations and an average temporal vector of these observations is generated.
From the time series, the trend and seasonality components are extracted to be analyzed using the R Breaks
For Additive Seasonal and Trends (BFAST) language library [56], [57].

The main improvement that BFAST presents over other temporary decomposition libraries, such as
decompose and Seasonal and Trend decomposition using Loess STL, it is that allows to characterize the
intervals (date, sign and magnitude) where gradual and abrupt changes occur that affect the magnitude and

trend direction [58], [59].

3. RESULTS AND DISCUSSION

10
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3.1 Results
3.1.1 Spectral data analysis

Once the spectral curves generated by the field spectroradiometer were obtained, a classification is carried
out to discriminate the areas where the hyperspectral samples were collected and the dates on which the
fieldwork was performed (Figure 2). It is observed in the graphs that all spectral curves show a characteristic
behavior of water, there is a low reflectance in the spectral range from 400 nm to 500 nm associated with
strong absorption by organic matter.

The spectral curves obtained at some sampling stations maintained similar characteristics in two fieldworks.
The points collected at the mouth of the Peixe River (2A), transition zone (2C) and in the regions near the
barrier, showed that the spectral curves are similar to those published by [17], [60]-[64] especially with bodies
of water with a dominant presence of Chl-a. However, the estimated concentrations of Chl-a in the Porto
Primavera reservoir are lower than those found by the aforementioned authors.

The set of spectral curves measured in the Pardo River, have a flat shape between 570 nm and 670 nm,
which according to [17], [44], [64] can be associated with high content of suspended solids in the water.

3.1.2 Calibration and validation models

In order to test and validate the performance of the TSS empirical recovery algorithm, calibration and
validation models are created to verify the accuracy between relationships: TSS concentration — field
measurement of reflectance. Table 1 shows some statistical aspects of the measurements carried out in-situ for
the TSS, it can be verified that for the two field works the results are very similar, increasing in some statistical
values (average, maximum, standard deviation) in the fieldwork carried out in the austral fall (April 2015).
Taking into account the statistical characteristics of the TSS data sets, it is defined that to find the calibration
model (Figure 3) the fieldwork dataset collected in October 2014 (n. 24) was used. The results indicate that
the quadratic function (9) showed a better fit in its coefficient of determination (R2 = 0.859). According to
(3], [7], [49], estimation models with an R2 > 0.7, can be considered suitable to estimate the TSS variable in
both inland and coastal waters.

TSSpmgr-: = 23218  (Rrs(By))? — (187,8 + (Rrs(B,)) + 1,085 ©)

The fieldwork carried out in April 2015 was used to validate the model (Figure 4). The data collected in this
sampling campaign confirm that the performance of the algorithm remains satisfactory to retrieve the values
of the TSS variable (R2 = 0.82; RMSE 2.74). The results coming from the statistical estimators indicate that
the model used (Figure 5) shows an adequate degree of accuracy and consistency in predictive results (Figure

6).

11
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Reflectance curves taken at the sample points located in. (a) Rio do Peixe river mouth; (b) Rio Pardo river mouth; (c)

Transition zone; (d) Region near the wall.
Source: own elaboration.
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Calibration model for the TSS variable. The correlation model considered the measured field reflectance for band 1 of
the MODO9GA product and the TSS concentration measured in October 2014 at 23 sampling points.

Source: own elaboration.
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Figure 6.

Model validation for the recovery of the TSS variable, performed from the spectroradiometry and TSS concentration
data, taken in April 2015.

Source: own elaboration.
3.1.3 Analysis of the time series components in the TSS parameter

Description of the variation points in the time series trend

Figure 7 shows the variability of the average time series extracted from the pixels of the MODIS images for
the 25 sampling points. The graph reflects the variations on trend component in the period 2000 to 2020 as
well as the periods in which break points occur due to changes in the magnitude and frequency of the TSS
values.
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Figure 7.
Change points in the time series trend of the TSS variable in the Porto Primavera reservoir from May 2000 to April
2020.

Source: own elaboration.

To [59], [65], the break points analysis on trend component is realized by researchers to know possible
reasons that originated them. In this respect, the analysis done for each of the periods that show break points
in the TSS temporal series of PPR, have indicated that four intervals registered a gradual increase in the T'SS
concentrations in the reservoir, however, exceptional climatic events have altered the periodicity and intensity
of factors (rains) that directly affect the TSS, permanently affecting the concentration of this parameter in the
lake.

Within the first two periods (A and B), the trend of the TSS parameter was stable with a slight increase in
period B, for the interval 2000 to 2009, two fundamental aspects that affect the result can be considered, the
first of them is the construction of the reservoir, where at the beginning of the flood (1998-2001) the amount
of material in suspension in the lake registered values higher than 5 mgL-1. Nevertheless, the lake waters began
to gradually homogenize the TSS content, this factor being accelerated by the size (2250 km.) and average
depth (30 mts) of the lake [66], which is reflected in a progressive decrease in the parameter. The second
important aspect of this period is that the oscillations in the variable depend on the dry (autumn-winter) and
rainy (spring-summer) seasons.

The second interval of interest on trend analysis is the breaking point that begins in the spring of 2009 and
that extends until the fall of 2015, this interval shows an exceptional change that alters the dynamics of the
TSS in PPR, this change is due to the climatic phenomenon known as "la Nifa" which increased the frequency
and quantity of rains in the region in the period 2010 to 2011. This precipitation anomaly result in a large
amount of particulate material in the waters of the reservoir produced by the tributaries and the runoff from
the crops surrounding the lake, due to this increase in the rains, TSS concentration almost doubled in a
relatively short period of time (4.93 mgL-1 2000-2009 to 8.83 mgL-1 2009 to 2011). For the last period
(2015-2020), the reservoir has not been able to reestablish the values prior to 2009, on the contrary, they have
increased obtaining an average value of 8.96 mgL-1.

Analysis of TSS seasonality in Porto Primavera Lake

In order to understand the TSS seasonality in the water body, Figure 8 is generated; this graph indicates that
there is a regularity and coincidence with the driest and rainiest seasons of the year, the highest concentration
of suspended solids occurs in the spring-autumn interval (October-April), this season corresponds to the
months where there is the greatest precipitation in the region (October-February), and subsequently there is a
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growth of algae in the lake that affects transparency in the water column (March-April). The decrease in TSS
concentrations corresponds to the driest and coldest season of the year, where temperature shortens algae
growth, and low rainfall limits the flow of particulate matter from the cultivated margins around the lake.

To complement the findings of Figure 8, Table 2 shows a descriptive statistical analysis of the seasonality
found in the TSS concentration time series, it was detected that the maximum value within the entire time
series was presented in the month of May (autumn) 2011, the lowest value was presented in October 2009, the
highest average values occurs in the summer season, a season that coincides with the highest amount of rainfall
in southern latitudes. In the same way, it is found from the data in this table that the average increase in TSS in
the winter-spring seasons is 0.94 mgl-1 and in the change of spring-summer season it is on average 3.49
mgL-1, this increase is due to the greater occurrence of rains, which generate a large amount of particulate
material that ends up in the reservoir.

m_

oD —

I | IE : | I : |
may jul sep nov jan mar
Figure 8.

Seasonality presented in the TSS variable in Porto Primavera Lake. The blue lines indicate the months with the least

number of suspended solids. The red lines show the months in which TSS present the highest concentrations.
Source: own claboration.

Table 2
Statistics of TSS in Porto Primavera Reservoir during 2000 to 2020

o Seasons
Statistics Spring Summer Fall Winter
Max 15.04 17.29 17.41 13.12
Min 0.90 1.53 2.42 0.98
Average 4.60 8.09 6.89 3.66
Standard deviation 3.92 4.50 3.44 2.48

Source: own elaboration.

3.2 Discussion
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3.2.1 Evaluation of the empirical model for TSS recovery

As well as in the researches developed by [5], [17], [58], [67], [68], in the PPR is possible to make use of the
spectral region located in the wavelength of red light (620 nm-750 nm), the aforementioned authors indicate
that this band of the electromagnetic spectrum has a direct relationship with the increase in the concentration
of the TSS. However, they mention in their studies that at this wavelength it is possible to successtully recover
values lower than 200 mgL-1. Taking into account that in the in-situ work in the PPR, values higher than 25
mgL-1 were not recorded, it is possible to conclude that the use of band1 (645 nm) of the MODIS sensor to
derive the TSS concentration in the lake is appropriate. The results show that an algorithm based on the band
embedded in 645nm is quite accurately for estimating the variable, which also has a low error associated with
its estimated values.

3.2.2 Interpretation of break points in the trend of TSS concentration and its seasonality

We propose to use a novel tool that combines remote sensing and the BFAST time series analysis algorithm.
This tool enables us to analyze different components of a time series and examine the magnitude of changes in
the trend. The BFAST algorithm is commonly used to study changes in land cover, and its potential
application in analyzing bodies of water has been relatively unexplored. Using remote sensing data allows for
an evaluation directly linked to the dynamics of the TSS variable's concentration and how it may be
permanently impacted by extreme weather events, as demonstrated in this study. These findings align with
research on Qinghai Lake, showing a strong correlation between seasons and climatic and land cover variables,
resulting in breakpoints in the time series of optically active aquatic variables [69].

After analyzing the performance and findings obtained from using BFAST in the PPR, we observed two
important aspects for all the breaking points. First, even during periods of increased rainfall and runoff from
the crop areas surrounding the lake, as well as transportation of particulate material by the two main
tributaries of the lake (the Pardo River and the Peixe River), the lake tends to homogenize the content of TSS
due to its large size and average depth of 30 m when the rain decreases in intensity in the region or is
attenuated due to the change of season. This allows for time lapses to balance TSS within the water column.
The second aspect was a gradual increase during the first two observed periods in the series, reaching an
increase of 0.59 mgL-1 (from May 2000 to October 2009). However, the third period within the series shows
an increase of 3.92 mgL-1 compared to the first average value of the time series. This period mainly shows that
the rains generated by the “La Nifa” phenomenon between 2010 and 2011 significantly affected the TSS
content within the lake. The value increased slightly (0.13 mgL-1) in the range of 2015-2020 compared to the
previous period (2010-2015).

The BFAST algorithm demonstrated its advantages over traditional methods for decomposing time series
such as STL. BFAST not only effectively extracted the trend, seasonality, and random components; but it also
allowed us to find the inflection points that affect the amount of TSS within the lake, and it was also possible
to associate these inflection points with external natural factors and those caused by humans.

4. CONCLUSIONS

This article proposes a novel approach when analyzing the dynamics of a time series including reflectance
images produced by the MODIS sensor using the BFAST algorithm. The R function proved to have
advantages over other time series decomposition techniques. The main utility applied in this study was to
identify variation points within the trend. It was also possible, based on the results, to associate interval
oscillation with aspects such as lake construction, increased rainfall, and weather events such as “la nina”
affecting the TSS behavior. Similarly, seasonal analysis found two intervals in which the number of suspended
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solids in water is increased, the first one is related to rains that produce sedimentation in tributary rivers
(Pardo River and do Peixe River) and the flow of particulate matter from crop areas surrounding the lake; the
second one is associated with algae growth after lake fertilization produced by rains.

Moreover, it was also possible to develop a model based on the spectral response of band 1 (645 nm) of
MODIS MODO09GA products. This algorithm was useful to retrieve the TSS parameter. The statistical
estimators used to validate the model showed a high coefficient of determination (R2 = 0.82) and low errors
associated with observations (RMSE = 2.7 mgL-1).

Finally, the high temporal resolution of the MODO09GA product, was adequate to analyze the time series
generated. Similarly, the prior analysis of MODO09GA image information enabled an appropriate planning to
define the spatial distribution of sampling points and the dates in which more relevant information could be
obtained.
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