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Abstract 

In this study, specific indices derived from Sentinel-2, processed using 

Google Earth Engine (GEE), were used to estimate chlorophyll-a (Chl-a) 

concentration in the San Roque Reservoir, Córdoba, Argentina. The 

evaluated indices include the normalized difference chlorophyll index 

(NDCI), normalized difference vegetation index (NDVI), green chlorophyll 

index (GCI), and red chlorophyll index (RCl). 

The NDCI index resulted the best option among the four specific 

indexes evaluated, providing a fit with a coefficient of determination (R²) 

close to 0.8 and statistically significant in relation to measured Chl-a 

values. It accurately represents the spatial and temporal dynamics of the 

measured Chl-a concentrations. The application of this index would 

improve the current management tools for this important provincial water 

body. 
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Resumen 

En este estudio se utilizaron índices específicos con productos de Sentinel-

2, procesados con Google Earth Engine (GEE), para estimar la 

concentración de clorofila-a (Cl-a) en el embalse San Roque, Córdoba, 

Argentina. Los índices específicos evaluados fueron el índice de clorofila 

de diferencia normalizada (NDCI), índice de vegetación de diferencia 

normalizada (NDVI), índice de clorofila en banda verde (GCI) e índice de 

clorofila en banda roja (RCl). 

El índice NDCI ha demostrado ser la mejor opción entre los cuatro 

índices específicos evaluados, al proporcionar un ajuste con coeficiente de 

determinación (R²) cercano a 0.8 y estadísticamente significativo 

respecto a valores medidos de Cl-a, y que representa de forma adecuada 

la dinámica espacial y temporal de los valores medidos de Cl-a. Aplicar 

este índice significaría mejoras en las herramientas de gestiones actuales 

para este importante cuerpo de agua provincial. 

Palabras clave: Sentinel-2, Clorofila-a, Cl-a, NDCI, NDVI, GCI, RCl, 

GEE, embalse San Roque, Argentina. 
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Introduction 
 
 

Freshwater bodies are important sources of drinking water, especially in 

semi-arid regions, such as central Argentina. The presence of algal blooms 

in water degrades its quality for both human and agricultural 

consumption, as well as for recreational purposes. The eutrophication of 

reservoirs exerts harmful pressure on the aquatic ecosystem involved (Li 

& Li, 2024). 

Remote sensing is an effective complement to field sampling 

methods, as it allows data to be collected from very large areas (Li & Li, 

2004; Chawla, Karthikeyan, & Mishra, 2020) and smaller ones, such as 

the San Roque Reservoir, in the province of Córdoba. Numerous studies 

have achieved successful results through satellite image processing and 

numerical correlation of electromagnetic spectrum ranges with the 

temporal and spatial distribution of water quality variables, including: 

Richardson (1996); Bazán et al. (2005); Pagot, Rodriguez, Hillman, Corral 

and Niencheski (2007); Gitelson et al. (2008); Gilerson et al. (2010); 

Palmer et al. (2015); Yu, Bai, He, Gong and Li (2023), and Li, Hao, Wu 

and Nie (2024). 

In particular, Sentinel-2 products have been used for estimating 

suspended particle concentrations (Liu et al., 2017), chlorophyll-a (Chl-

a) concentrations in small reservoirs in Ambrose-Igho (2019); Maier & 

Keller (2019); Xu et al. (2019); Caballero and Navarro (2021); German, 

Shimoni, Beltramone and Rodríguez (2021); Bramich, Bolch and Fischer 

(2021); Kislik, Dronova, Grantham and Kelly (2022); Barraza-Moraga, 

Alcayaga, Pizarro, Félez-Bernal and Urrutia (2022), among other quality 

parameters. 
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This study includes monthly monitoring of the water quality of the 

San Roque Reservoir using conventional sampling methods carried out by 

the Instituto Nacional del Agua (INA) through its delegation, Centro de 

Investigación de la Región Semiárida (CIRSA) in Córdoba, Argentina.  

The aim of this work is to apply specific indices with Sentinel-2 

products to estimate the Chl-a concentration in the San Roque Reservoir 

and analyze the fit of these satellite indices with laboratory-measured 

values obtained from collected samples. 

 
 

Materials y methods 
 
 

Area of interest 
 
 

The area of interest is located in the San Roque Reservoir, in the province 

of Córdoba, central region of Argentina (Figure 1). The geographic 

coordinates (latitude, longitude) of the reservoir’s center are: 31.38° S, 

64.47° W. This small reservoir, with a maximum depth of 35.3 m, supplies 

drinking water to two-thirds of the population of Córdoba city (1.3 million 

of habitants), the second most populous city in Argentina. The water 

surface area is 15 km², with a catchment area of 1750 km². The reservoir 

is located in a semi-arid temperate region with an average annual 

temperature of 17 °C and an average annual precipitation of 720 mm. 

Numerical modeling of this reservoir has recently been developed by 

Ponce, Rodríguez, Ruibal-Conti, Muchiut and Rodríguez (2023), and 

Muchiut, Rodríguez, Ruibal-Conti, Ruiz and Rodriguez (2024). 
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Figure 1. Area of the study. Sentinel-2 image of the San Roque 

Reservoir. Algal blooms during February 18, 2022 (green color within 

the water body). Bands 4-3-2 (R-G-B). 

 
 

Description of the specific indices used 
 
 

The following four spectral indices were selected to calibrate the Chl-a 

algorithms in the San Roque Reservoir using Sentinel-2 images, based on 

the monitoring data available between 2021 and 2024. 
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1. NDCI (Normalized Difference Chlorophyll Index): Uses the 

spectral range between wavelengths 650 nm and 713 nm. It is useful and 

practical to apply to areas with phytoplankton-rich waters (Mishra & 

Mishra, 2012). 

2. NDVI (Normalized Difference Vegetation Index): A simple 

indicator of photosynthetically active biomass, calculated from the ratio 

between near-infrared (NIR) and red (RED) reflectances of the 

electromagnetic spectrum. This index is used worldwide in vegetation 

monitoring (Gilabert, González-Piqueras, & García-Haro, 1997). 

3. GCI (Green Chlorophyll Index): Calculated as the ratio of the 

reflectance of chlorophyll in the near-infrared (NIR) band to the 

reflectance in the green band (GREEN). It is intended for bodies of water 

with moderate concentrations of chlorophyll (Gitelson & Yacobi, 1995). 

4. RCI (Chlorophyll Red Index): Calculated as the ratio of the 

reflectance of chlorophyll in the near infrared band 8A (NIR_narrow) to 

the reflectance in the red band (RED) (Ha, Thao, Koike, & Nhuan, 2017). 

The mathematical expressions used are presented in Table 1. 
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Table 1. Specific indices used for the estimation of Chl-a 

Method 
General 

expression 

Sentinel-2 

expression 
Source 

(1) NDCI 
(𝑅𝑅𝑅𝑅𝐷𝐷𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑅𝑅𝑅𝑅𝑅𝑅)
(𝑅𝑅𝑅𝑅𝐷𝐷𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝑅𝑅𝑅𝑅𝑅𝑅) 

(𝐵𝐵𝐵𝐵5 − 𝐵𝐵04)
(𝐵𝐵05 + 𝐵𝐵04) Mishra and Mishra (2012) 

(2) NDVI 
(𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑅𝑅𝑅𝑅𝑅𝑅)
(𝑁𝑁𝑁𝑁𝑁𝑁 + 𝑅𝑅𝑅𝑅𝑅𝑅) 

(𝐵𝐵𝐵𝐵8 − 𝐵𝐵04)
(𝐵𝐵08 + 𝐵𝐵04) Gilabert et al. (1997 

(3) GCI 
(𝑁𝑁𝑁𝑁𝑁𝑁)

(𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺) 
𝐵𝐵08
𝐵𝐵03

 
Gitelson and Yacobi, (1995), 

and Ha et al. (2017) 

(4) RCI 
(𝑁𝑁𝑁𝑁𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁)

(𝑅𝑅𝑅𝑅𝑅𝑅)  
𝐵𝐵08𝐴𝐴
𝐵𝐵04

 Ha et al. (2017) 

 
 

Data in situ 
 
 

For more than 25 years, INA-CIRSA has carried out monthly monitoring 

of the San Roque Reservoir in the province of Córdoba, whose outfall is 

the Suquía River, a tributary of the Mar Chiquita Lagoon (the largest 

endorheic salt lagoon in South America). CIRSA collects and publishes 

both hydrometeorological and water quality data from the reservoir. 

Water quality samples were collected at four (4) monitoring stations 

(Figure 2) defined as follows: center of the reservoir “Station C” (31.38° 

S, 64.46° W); next to the water intake “Station TAC” (31.37° S, 64.43° 

W); Cosquín Outflow “Station DCQ” (31.32° S, 64.46° W) and San 

Antonio Outflow “Station DSA” (31.41° S, 64.49° W). 
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Figure 2. Monitoring stations at the San Roque Reservoir. References: 

C (center); TAC (Water Intake); DCQ (Cosquín Outflow); and DSA (San 

Antonio Outflow). 
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The available database covers the period from 1999 to 2024 with a 

monthly interval. These data included Chl-a concentrations (in μg/l), 

measured from water samples collected at different depths (0.2, 1.0, 1.5, 

and 2.0 m) taken within the interval of 9:00 to 12:00 a.m., and 

subsequently analyzed in the laboratory, according to GEMS/WATER 

regulations (GEMS/WATER, 1992). The study period covered the years 

2021 and 2024. The available Chl-a data for each monitoring station 

(Figure 2) are presented in Figure 3. These data were statistically 

processed, considering as outliers those values greater than two 

interquartile ranges of the third quartile. 

 

 

Figure 3. Chl-a recorded with measurements at monitoring stations. 

Source: INA-CIRSA (2024). 
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Satellite data: Sentinel-2 image collection and 
processing 

 
 

The Sentinel-2 mission, part of the European Space Agency's (ESA) 

Copernicus Earth Observation program, consists of polar-orbiting 

satellites (S2A and S2B) that provide optical images. These images have 

a spatial resolution of 10 to 20 m, depending on the spectral band, with 

5 days of temporal resolution. By combining data from S2A and S2B, a 

revisit interval of approximately 2 days is achieved over the study area. 

These satellites captured information on the scene that includes the San 

Roque Reservoir at approximately 11:30 a.m., coinciding with the time 

window of the in situ sampling. 

Level 2A imagery processing with cartographic geometry 

(UTM/WGS84 projection) was used, providing Surface Reflectance (SR) 

products with bottom-of-atmosphere (BOA) corrections. These products, 

as well as the Surface Reflectance for the different spectral bands, are 

resampled at different spatial resolutions. The characteristics of the 

spectral bands used are presented in Table 2 (ESA, 2025). 

 
Table 2. Spectral band configuration for Sentinel-2. 

Band Designation 
Spectral range / central 

wavelength (nm) 
Spatial resolution 

(m) 

3 Green 543–578/560 10 

4 Red 650–680/665 10 

5 Red Edge 698–713/705 20 

8 Near Infrared (NIR) 785–900/842 10 

8A NIR_narrow 855–875/865 20 

Source: ESA (2025). 
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Google Earth Engine for processing Sentinel-2 images 
 
 

The Google Earth Engine-GEE program (GEE, 2022) was used, which 

allows analysis of the collected satellite images through a programming 

interface. A custom script was developed to perform the following steps: 

1. Define the monitoring stations as points of interest (C, TAC, 

DCQ, DSA) with their respective coordinates 

2. Define the monitoring dates for the period 2021-2024 

3. Collect Sentinel-2 images that coincide with or differ by a 

maximum of 4 days from the defined dates 

4. Create a 20 m buffer at each point of interest and calculate 

the programmed indices (NDCI, NDVI, GCI and RCI) for each image in 

the collected Sentinel-2 collection 

5. Extract the spectral band values and calculated indices into a 

*.CSV file 

6. Visualize the results 

The flow diagram describing the methodology used to determine Chl-a 

concentration with satellite data is presented in Figure 4. 
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Figure 4. Flow diagram for the methodology used to determine Chl-a 

values with satellite data. 

 
 

Performance metrics 
 
 

To identify the best relationship between the measured Chl-a data and 

the corresponding values estimated with the satellite algorithms for each 

specific index, the performance metrics listed in Table 3 were evaluated 

for each function: the coefficient of determination (R²), the mean absolute 

error (MAE), the root mean square error (RMSE) and the probability under 

the null hypothesis (p-valor) (Legates & McCabe, 1999; Wackerly, 

Mendenhall III, & Scheaffer, 2008). 
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Table 3. Performance metrics used. 

Metric Symbol General expression Observation 

Coefficient of 

determination 
R2 1 − ∑   (𝑦𝑦𝑦𝑦−𝑥𝑥𝑥𝑥)2𝑛𝑛

𝑖𝑖=1

∑   �𝑦𝑦𝑦𝑦−𝑦𝑦�
2𝑛𝑛

𝑖𝑖=1

 (5) 

Describes the proportion of 

the total variance in the 

observed data that the 

model can explain. It 

ranges from 0 to 1.0; 

higher values indicate 

better fit 

Mean absolute 

error 
MAE ∑   |𝑦𝑦𝑦𝑦−𝑥𝑥𝑥𝑥|𝑛𝑛

𝑖𝑖=1
𝑛𝑛

 (6) 

It is the difference 

between the estimated 

value and the actual value 

at each estimated point 

Root mean 

square error 
RMSE �∑   (𝑦𝑦𝑦𝑦−𝑥𝑥𝑥𝑥)2𝑛𝑛

𝑖𝑖=1
𝑛𝑛

 (7) 

It measures the average 

magnitude of the errors. 

The lower the RMSE, the 

better the model and its 

estimates 

Probability under 

the null 

hypothesis 

p-valor 𝑝𝑝 = 2𝑚𝑚𝑚𝑚𝑚𝑚{𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃 (𝑇𝑇 ≥ 𝑡𝑡|𝐻𝐻𝐻𝐻) ,𝑃𝑃𝑃𝑃 (|𝑇𝑇| ≤ 𝑡𝑡|𝐻𝐻𝐻𝐻)} (8) 

Probability under the null 

hypothesis of obtaining a 

true-valued test statistic at 

least as extreme as the 

one obtained 

Xi = estimated Chl-a concentration values 

Yi = measured Chl-a data 

N = Number of observations 

The p-value parameter considers an observed test statistic t of unknown T distribution; 

p-value is the probability of observing a test statistic value at least as extreme as t if 

the null hypothesis Ho were true 
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Results 
 
 

A total of twenty-three Sentinel-2 multispectral images were collected 

between 2021 and 2024 for the study area, covering the defined sampling 

sites using a 20 m diameter buffer (defined based on the maximum pixel 

size used), with a maximum interval of 4 days around the available in-

situ monitoring dates. In this dataset, 87 % of the images were acquired 

within 0 and 2 days of the monitoring date (0 days: 37 %; 1 day: 20 %; 

2 days: 30 %, and between 3-4 days: 13 %). 

During the analysis period, the average depth of the Cosquín River 

was 1.1 m, with extreme values ranging from 0.7 m (minimum) to 6.6 m 

(maximum). In the case of the San Antonio River, significantly more 

variable depths were recorded, with an average depth of 0.5 m, a 

minimum of 0.1 m, and a maximum of 13.3 m. For this period, the 

average water depth in the San Roque Reservoir was 33 m, with minimum 

values of 28.4 m and maximum of 36.7 m. Due to the low water levels 

recorded simultaneously in both the San Antonio River and the San Roque 

Reservoir, a detailed visual inspection of selected satellite images was 

performed. 

The image acquired on November 29, 2022, revealed an area 

without water coverage at the mouth of the San Antonio River (Figure 5, 

Left). This retraction of the water body is associated with a water depth 

of 0.2 m in the San Antonio River and a level with respect to the bed in 

the reservoir of 29.2 m (0.8 m above the minimum recorded during the 

study period) (Figure 5, Right). Due to this atypical condition for the 

period analyzed, this image was excluded from the dataset considered in 

this study. This decision is in line with the consistency and temporal 

representativeness criteria applied in Li, Martin and Estival (2017), and 
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Zhang, Yuan, Zeng, Li and Wei (2018), which highlight the importance of 

using images that reflect representative conditions to avoid bias in the 

analysis. 

 

 

Figure 5. (Left) Sentinel-2 image from 2022-11-29 (yellow circle: San 

Antonio Outflow). (Right) Water depth in: (a) San Roque Reservoir and 

(b) San Antonio River (yellow box associated with the date of the 

satellite image). 

 

From the selected satellite images, the reflectance values for each 

band involved in the calculation of the specific indices were processed 
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(Table 1). The resulting indices for each monitoring station are presented 

in Figure 6. 

 

 

Figure 6. Specific indices estimated at each monitoring station: C, DCQ, 

DSA, and TAC. 

 

Once the selected chlorophyll-a dataset was defined, the 

corresponding indices were estimated. Specifically, for February 18, 2022, 

representative maps of each specific index were generated, modeling the 

San Roque Reservoir area. Figure 7 presents these maps, processed using 

the QGIS software (QGIS.org, 2025). 
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Figure 7. Modeling of specific indices for San Roque Reservoir: (a) 

NDCI, (b) NDVI, (c) GCI, and (d) RCI. 
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Two subsets used for calibration and validation were analyzed. The 

first subset consisted of 35 pairs of values, ranging from 2 μg/l to 235 

μg/l of Chl-a. The relationships between Chl-a measurements and values 

of each specific index were established using a polynomial function of 

degree 2 through linear regression (Equation (9)), since the relationship 

between the specific indices (X) and the measured Chl-a values is 

nonlinear (y): 

 

𝑦𝑦 =  𝐴𝐴 +  𝐵𝐵.𝑋𝑋 +  𝐶𝐶.𝑋𝑋2 (9) 

 

Where A, B, and C are the coefficients to be calibrated. 

Figure 8 presents the four models determined along with their 

corresponding coefficients of determination (R²). 

 

https://crossmark.crossref.org/dialog/?doi=10.24850/j-tyca-2026-01-10&amp;domain=pdf&amp;date_stamp=2026-01-01


 

  

 

 

2026, Instituto Mexicano de Tecnología del Agua. 
Open Access bajo la licencia CC BY-NC-SA 4.0 
(https://creativecommons.org/licenses/by-nc-sa/4.0/) 

 

Tecnología y ciencias del agua, ISSN 2007-2422, 
17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10 

 

 

Figure 8. Specific indices based on measured values. (a) NDCI, (b) 

NDVI, (c) GCI, and (d) RCI. Linear regression models and coefficient of 

determination (R²) con n = 35. 

 
 

Discussion 
 
 

The results obtained for each parameter using the performance metrics 

detailed in Table 3 are presented in Table 4. 
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Table 4. Statistical parameters between Chl-a based on specific indices 

and measured Chl-a. 

Metric NDCI NDVI GCl RCl 

R² 0.81 0.49 0.61 0.57 

MAE (μg/l) 13.9 22.1 20.8 20.9 

RMSE (μg/l) 19.4 31.9 28.2 29.4 

p-valor (%) 1.3e-13 2.2e-06 3.6e-08 1.4e-07 

 

The model with the highest coefficient of determination (R²) was 

the one estimated with the NDCI index (R² = 0.81), and the model that 

achieved the least fit was based on the NDVI index (R² = 0.49). The mean 

absolute error (MAE) was 13.9 μg/l for the NDCI model and close to 21 

μg/l for the other models evaluated. With respect to the root mean square 

error, the lowest result was obtained with the NDCI index (RMSE = 19.4 

μg/l), while the maximum value was obtained for the NDVI index (RMSE 

= 31.9 μg/l). For the four models with specific indices, a probability (p-

value) lower than the established threshold of 0.0001 % was obtained. 

Based on these results, the algorithm estimated with NDCI is 

considered to be the best fit, as it achieved the highest R² value and the 

lowest MAE, RMSE, and p-values compared to the other indices evaluated. 

Furthermore, the width of the spectral range of the bands used 

could influence the estimation accuracy. Thus, band 8 (Table 2) has the 

greatest spectral range (115 nm) compared to the other bands used 

(which vary between 35 and 15 nm). This condition can be attributed to 

the fact that the NDVI index had the lowest coefficient of determination 
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(R²) and the highest MAE, RMSE, and p-values compared to the other 

estimated indices. 

Subsequently, the effectiveness of the proposed algorithm for the 

NDCI index was evaluated through statistical analysis of the validation set 

consisting of 32 pairs of Chl-a values available from monitoring and the 

corresponding values estimated using the selected model. As a result of 

the proposed linear regression (Figure 9), a correlation coefficient R² = 

0.78 was obtained, indicating a good relationship between the variables. 

For this relationship, the MAE = 21 μg/l, RMSE = 33.5 μg/l, and p-

value=2x10-8, lower than the limit (< 0.0001), were obtained. 

 

 

Figure 9. Measured vs. estimated Chl-a based on the NDCI index. 

Regression model and coefficient of determination (R²) with n = 32. 
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Thus, the parameters A, B and C for Eq.9 that allow the estimation 

the Chl-a values based on the NDCI index are shown in Table 5. 

 

Table 5. Calibrated parameters for the relationship NDCI and Chl-a. 

Parameter (Equation (9)) Coefficient 

A 21.737 

B 0.178 

C 0.057 

 

The application of this algorithm to the dataset is presented in 

Figure 10, where measured and estimated Chl-a values are graphed as a 

function of the NDCI index. A good representation of the estimated values 

in terms of the spatial and temporal dynamics with respect to the 

measured values can be observed at the four monitoring stations, 

generally representing the temporal variability at each monitoring station 

(C, DCQ, DSA and TAC). 
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Figure 10. Measured and estimated Chl-a (based on NDCI) for each 

monitoring station (C, DCQ, DSA, and TAC). 

 

Figure 11 presents a spatial distribution map of Chl-a based on the 

proposed modeling with the parameters defined in Table 5 for the date of 

February 18, 2022 in the water body of the San Roque Reservoir. 
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Figure 11. Chl-a model (in μg/l) based on the NDCI index for the San 

Roque Reservoir. February 18, 2022. 

 
 

Conclusions 
 
 

This study utilized high-resolution satellite imagery (10–20 m) with 

a revisit frequency of 2–5 days from the Sentinel-2 mission, processed 

using the Google Earth Engine platform. 

The Normalized Difference Chlorophyll Index (NDCI) has proven to 

be the best option among the specific indices evaluated (along with NDVI, 

GCl, and RCl), providing a robust fit (R² close to 0.8) and statistical 

significance. Its performance outperforms the other models analyzed 

here, making it suitable for application in estimating Chl-a concentrations. 

New functions that improve this relationship in estimating values will 

continue to be explored. 

The proposed relationship adequately represents the spatial and 

temporal dynamics of the measured Chl-a concentration values at the four 

monitoring stations (C, DCQ, DSA, and TAC). Therefore, this satellite 

modeling is considered to contribute to the available tools for determining 

Chl-a in space and time. These results complement the monthly 

monitoring that has been conducted for more than 25 years at the San 

Roque Reservoir, due to its importance as the main source of drinking 

water for the second most populous city in Argentina. 
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