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ABSTRACT 

Natural or anthropogenic chemical compounds of different origins often accumulate 

in estuarine regions. These compounds may alter the water quality. Therefore, It is 

important to constantly monitor the quality of estuarine regions. A combination of 

remote sensing and traditional sampling can lead to a better monitoring program for 

water quality parameters. The objective of this work is to assess the spatiotemporal 

variability of the physicochemical properties of water in the lower region of the 

Mearim River and estimate water quality parameters via remote sensing. Samples 

were collected at 16 points, from Baixo Arari to the mouth of the watershed, using a 

multiparameter meter and Landsat 8 satellite images. The physicochemical 

parameters of the water had high salinity levels, between 2.30 and 20.10 parts per 

trillion; a high total dissolved solids content, between 2.77 and 19.70 g/L; and 

minimum dissolved oxygen values. Estimating the physicochemical properties of the 

water via remote sensing proved feasible, particularly in the dry season when there is 

less cloud cover. 
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 1 INTRODUCTION 

Variations in water salinity are a key part of biochemical processes in estuary 

regions (LI et al., 2018; BERNHARD et al., 2005). The spatiotemporal variations in and 

magnitude of the physicochemical properties of water influence the socioeconomic 

conditions of populations living around estuarine regions (BASU AND ROY, 2018). 

In addition to salinity, water properties including temperature, dissolved 

oxygen, and turbidity are known to affect aquatic life (DANESHVAR et al., 2007). 

Estuaries are complex and dynamic environments that receive a large amount 

of human waste from urban and industrial areas (LIU et al., 2003; REESE et al., 2019) 

Many methods have been used to study the effects of human activities on 

aquatic environments. They include the use of chemical and physical parameters, as 

well as biological measurements of bacteria, fish, and other aquatic organisms (RESH 

AND UNZICKER, 1975; HERNÁNDEZ, 2019). 

The conventional techniques for water assessment are generally expensive 

(particularly in developing countries), slow, and unable to provide large study area 

and continuous analysis for water bodies with few sample points (KHATTAB AND 

MERKEL, 2014). 

Monitoring stations placed in waters could provide these data, although they 

involve high operating costs such as equipment purchase, installation, field assistant 

salary, maintenance, and field trips (PACA et al., 2011). 

Local investigations conducted only at the point scale are unable to evaluate 

the spatial distribution of salinity in all estuarine surfaces. Satellite images, however, 

cover regular intervals and provide data on solar radiation reflected by superficial 

waters that could be correlated with water quality properties (WANG AND XU, 2008). 

Samples using remote sensing have some advantages such as the large spatial 

coverage of satellite images, ability to estimate water quality in remote and 

inaccessible areas, and a long record of archived images that allows the estimation of 

historical water quality (HELLWEGER et al., 2004; BAIQIAN et al., 2019). 
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 A combination of remote sensing, GIS, and traditional in situ sampling could 

lead to a better assessment of water quality parameters in several water systems 

(GHOLIZADEH AND MELESSE, 2017). 

The goals of this study were to evaluate the spatiotemporal variability of the 

physicochemical properties of water in the lower course of the Mearim River and to 

estimate water quality parameters via remote sensing. 

 

 

2 MATERIALS AND METHODS 

2.1 Study area 

The watershed of the Mearim River, located in the state of Maranhão (MA), 

northeastern Brazil, is a sub-watershed in the 12 watersheds of the hydrographic 

region of the Northeast Atlantic. It is pread over an area of 99.058.68 Km² and 

corresponds to 29.84% of the area of MA; thus, it is the largest watershed in the state 

(Maranhão, 2011). 

Another characteristic of this estuarine region is that geomorphologically, 

according to the classification developed by Pritchard (1952), it is a coastal plain 

characterized by shallow regions up to 30 meters deep. Sedimentation is a recent 

process here because the river bottom is muddy and the superficial part contains fine 

sediments. 

As the study area is an estuarine region, tidal variation directly influences its 

water properties (MIRANDA et al, 2002). Another factor that must be considered is 

seasonality. The flow of the Mearim River increases during rainy season while the 

volume of water drained by the watershed decreases during the dry period. 

The mainstream of the Mearim River has its headspring in the Serra da Menina, 

between Formosa da Serra Negra, Fortaleza dos Nogueiras, and São Pedro dos 

Belentes. Its mouth is between São Luís and Alcântara (Figure 1) in the bay of São 

Marcos. The maximum altitude of the watershed is approximately 650 m. The main 

tributaries of the Mearim River are Pindaré and Grajaú rivers. 
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 This water complex reaches 83 cities and a total population of more than 

1.600.000 people, corresponding to approximately one-quarter of the population in 

MA. 

 

Figure 1 – Watershed of the Mearim River in Maranhão state, (b) low course of Mearim 

River and (c) digital elevation of study area in Mearim mouth 

 
 

2.2 Sample points 

Samples were collected from the river at 16 points (Figure 2), starting from the 

city of Arari, MA, and concluding near the mouth of the watershed. 
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 Figure 2 – Sampling sites (image from Google Earth, 2018) 

 
 

The samples also accounted for the rainy, intermediate, and dry seasons. 

Precipitation data for the climatological normal periods in 2016 and 2017, obtained 

from a meteorological station at Bacabal, showed that the months of high rainfall 

start from January to May, June is an intermediate month, and the dry season occurs 

from July to October (Figure 3). 
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 Figure 3 – Precipitation data for the period studied and the climatological normal as 

obtained from the Bacabal climatic station 

 
 

2.3 Field samples of river water 

Water samples from the Mearim watershed were taken at sites along a course 

including Arari, Porto de Santana, Bonfim, and the mouth of the river in 2016 and 

2017 (Table 1). Sampling was always conducted after low tide began. The 

physicochemical parameters of the samples were measured using a Horiba U-5030 

multiparameter meter. 

 

Table 1 – Months in which water samples were taken from the Mearim Watershed 

Year Rainy Season Dry Season 

2016 January to April and June July to September 

2017 April and May November 

 

2.4 Satellite images 

Remote sensing techniques were applied to Landsat 8 satellite images obtained 

from the United States Geological Survey. A satellite image from the date closest to 

the sampling date was selected for each month of fieldwork. Images that cannot see 

the points were not used. 
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 2.5 Development of the model 

The water quality data captured by the multiparameter meter were related to 

the satellite data that showed the spectral reflectance of waters in the watershed. The 

equations of these relationships were used to create models simulating the 

physicochemical properties of the entire course of the river. According to Wang and 

Xu (2008), these models have an R² coefficient (Table 2) of determination used to 

evaluate the accuracy of the relationship in the models. 

 

 

3 RESULTS AND DISCUSSION 

3.1 Salinity 

The water salinity levels were the highest at the mouth of the river (Figure 3) 

because of its proximity to the sea, where the salinity is the highest (SAMPAIO et al., 

2017). At Bonfim, Porto de Santana, and Arari, the salinity of the samples from August 

exceeded the limit of 0.5 ppt set by Resolution nº 357 of the Brazilian Environment 

Council. The date on which this occurred was when the tide reached its highest level 

(6.4 meters in São Luís) after a full moon. 

 

Figure 4 – Salinity per period and Location 
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 3.1.1 Total dissolved solids 

According to CONAMA resolution n° 357, the maximum limit for total dissolved 

solids in freshwater is 0.5 g/L. Only one sample in Arari (Figure 4) was near this level 

(0.44 g/L in February); in most samples, the measured value was above this limit. 

Machado et al. (2007) noted that salinity is the main influence on the levels of total 

dissolved solids in estuarine regions. High concentrations of this class of solids (salts) 

limit the use of water bodies as a public water supply source (COSTA et al., 2004). 

 

Figure 5 – Total dissolved solids (TDS) per period and location 

 
 

3.1.2 Temperature 

Temperature influences several physicochemical parameters of water, such as 

surface tension and viscosity. Organisms that live in this habitat are very sensitive to 

temperatures outside their tolerance range, and the latter may have consequences 

for their growth and reproduction (ANA, 2017). 

There was no significant difference in temperature among the sample points 

(Figure 5). However, in the urban area of Arari, the difference between the dry season 

(November) and the late rainy season (August) is approximately 3 °C. The highest 

temperatures occurred in the dry period, for example in Foz and Porto de Santana, 

where the maximum temperature was 31 °C. 
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 Figure 6 – Temperature per period and location 

 
 

3.1.3 Dissolved Oxygen in Water 

Considering CONAMA resolution n° 357 of March 17, 2005, the limit for dissolved 

oxygen in brackish, i.e., class II waters (suitable for amateur fishing) is at least 4 mg/L. 

Among the samples, the oxygen concentration was below the minimum quantity at every 

study site, particularly in August. From Arari to Foz, the values were 3.3, 3.28, 3.59 and 3.47 

mg/L. There was also a sample below 4 mg/L in Arari (3.85 mg/L) in November. 

 

Figure 7 – Dissolved oxygen of water per period and location 
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 Pereira et al. (2016) found very low OD values, i.e., close to 2 mg/L, during a 

study of the Peixe-Boi watershed in Pará. They stated that dissolved oxygen is one of 

the most important parameters that demonstrates the results of water pollution from 

organic waste. 

Dissolved oxygen is necessary for marine organisms because most of them 

need it to breathe. Water that is polluted by sewage has a low dissolved oxygen 

concentration because it is used in the decomposition of organic substances. Clean 

water has the highest amount of dissolved oxygen, generally more than 5 mg/L (ANA, 

2017). 

3.1.4 pH levels 

pH measurements are very important because they provide data on water 

quality and may indicate the presence of contaminants depending on the alkalinity or 

acidity of a sample (ARAÚJO, 2006). 

The combination of increasing pH and temperature creates conditions for the 

formation of the NH3, which is highly toxic to fish (MIRANDA, 2017). 

The pH limits for freshwater, according to CONAMA resolution n° 357, are 6.0 to 

9.0. In this regard, all samples taken were within the established limits and may not 

indicate pollution or any other anomaly. 

 

Figure 8 – pH per period and location 
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 3.2 Remote sensing the physicochemical properties of water 

The monthly equations (of june 2016, august 2016, may 2017 and november 

2017) and trend lines were determined using the intersection of sampling point data 

and the spectral responses of the Landsat 8 images. Linear regression models and 

coefficients of determination (R²) were determined from these trend lines according 

to Table 2. Data from the months without 10 or more qualifying points (due to clouds 

or cloud shadows) were not considered. 

 

Table 2 – Linear equations and salinity determination coefficients per qualifying 

month 

June 2016 August 2016 May 2017 November 2017 

y = 0.00004x + 0.0565 

R² = 0.48 

y = 0.0062x – 3.0522 

R² = 0.87 

y = 0.00004x + 0.1414 

R² = 0.03 

y = 0.0074x + 16.023 

R² = 0.23 

 

The month with the best R² value (R² = 0.87) was August 2016. 

Figures 9 and 10 were created based on the linear regression models 

corresponding to the physicochemical properties salinity, total dissolved solids, pH, 

and temperature of the water in the region between Arari and Foz do Rio Mearim. 

In terms of salinity, the highest levels were found near the mouth of the river 

because of its proximity to the sea. The maximum value estimated in this location was 

approximately 20 ppt. The level of total dissolved solids presented similar results 

because there were more salts present in the water near the coastal region; these 

levels reached up to 19.0 g/L. The opposite conditions were measured in Arari, where 

the total dissolved solids values were lower than 1.0 g/L. 

The pH was alkaline, a little higher than 8.0, in the region surrounding the 

coastal zone. This was due to the high salt content. The pH value was its most acidic in 

Arari, at approximately 5.0. 
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 Figure 9 – Maps created using linear regression models of: A) Salinity and B) total 

dissolved solids 

 

 

Figure 10 – Maps created using linear regression models of C) pH and D) temperature 
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 The temperature did not change much in the course of the watershed studied; 

it ranged between 28.0 and 31.0 degrees. The temperature was higher closer to the 

mouth of the river; in contrast, it was low in the samples from the city of Arari. 

As the samples show existing salinity (the tidal zone of the river has practically 

zero salinity) and because the location is not in front of the estuarine plume (that 

could characterize it as coastal zone), the region studied is in the mixing zone of the 

estuary, as it receives water from both the watershed and the sea. 

 

 

5 CONCLUSIONS 

A survey of the physicochemical parameters of the water in lower course of the 

Mearim River, between its mouth and the city of Arari, was conducted in the rainy, 

intermediate, and dry seasons. The data, collected using a multiparameter meter, 

showed considerable variation. Significant salinity levels were measured at all 

locations; some were up to 20 ppt, which is well above the level determined by 

CONAMA resolution n° 357. Moreover, total dissolved solids had an approximate 

value of 20 g/L and dissolved oxygen levels were insufficient; the minimum value of 

nearly 3 mg/L of the latter could point to a possible contamination of the estuary. 

Therefore, it is not advisable to use this as a resource for drinking water. 

Estimating the physicochemical properties of water using remote sensing has 

proved to be viable, particularly in the dry season, where there is little cloud presence 

and thus clearer satellite images are available. Some months had sufficient numbers 

of qualifying points but had insufficient coefficients of determination during the 

creation of the regression models. 

The graphs of the images of the regression models contributed to the 

characterization of the region as they indicated that salinity values ranged between 

0.1 and 30 ppt. This, combined with the fact that the study area is not in front of the 

estuarine plume, confirmed the region as a mixture zone. 
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