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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, Cordoba, Argentina. The
evaluated indices include the normalized difference chlorophyll index
(NDCI), normalized difference vegetation index (NDVI), green chlorophyll
index (GCI), and red chlorophyll index (RCI).

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 indices especificos con productos de Sentinel-
2, procesados con Google Earth Engine (GEE), para estimar |la
concentracion de clorofila-a (Cl-a) en el embalse San Roque, Cdérdoba,
Argentina. Los indices especificos evaluados fueron el indice de clorofila
de diferencia normalizada (NDCI), indice de vegetacion de diferencia
normalizada (NDVI), indice de clorofila en banda verde (GCI) e indice de

clorofila en banda roja (RCI).

El indice NDCI ha demostrado ser la mejor opcidén entre los cuatro
indices especificos evaluados, al proporcionar un ajuste con coeficiente de
determinacion (R2) cercano a 0.8 y estadisticamente significativo
respecto a valores medidos de Cl-a, y que representa de forma adecuada
la dindmica espacial y temporal de los valores medidos de Cl-a. Aplicar
este indice significaria 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, RClI,

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 Cérdoba. 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); Bazan 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 Rodriguez (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

Investigacion de la Region Semiarida (CIRSA) in Cérdoba, 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 Cordoba, 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 Cérdoba city (1.3 million
of habitants), the second most populous city in Argentina. The water
surface area is 15 km?2, 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, Rodriguez, Ruibal-Conti, Muchiut and Rodriguez (2023), and
Muchiut, Rodriguez, 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, Gonzalez-Piqueras, & Garcia-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 Sentinel-2 s
etho ource
expression expression
(REDgpgy — RED) (BO5 — B04) _ :
(1) NDCI (REDppoy + RED) m Mishra and Mishra (2012)
(2) NDVI (NIR — RED) (BO8 — B0 Gilabert et al. (1997
(NIR + RED) (B08 + B04) ' r '
(3) GeI (NIR) BO8 Gitelson and Yacobi, (1995),
(GREEN) BO03 and Ha et al. (2017)
NIR B08A
(4) RCI % Soi 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 Cérdoba, whose outfall is
the Suquia 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); Cosquin 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 (Cosquin Outflow); and DSA (San
Antonio Outflow).

@O0

AN D 026, Instituto Mexicano de Tecnologia del Agua. Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10
(https://creativecommons.org/licenses/by-nc-sa/4.0/)



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

OPEN a ACCESS ‘ ‘W) Check for updates '

Tecnologia y

C1enc1as@Agua

The available database covers the period from 1999 to 2024 with a
monthly interval. These data included Chl-a concentrations (in pg/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.

Chl-a (ug/l)

700
BC 0ODCQ MWDSA ©TAC
600
500
400
300
200
- EL”I! Jlﬂl
0 ____HE_L&!@J&M@ME‘_[__H.&HE!E‘LH__J!J
U v o e AN N AN AN AN AN AN AN NN DO OO NN N < <T
2NN N AN AN NN NN AN NN NN NN NN NN NN NN NN
SOOOOOOOOOOOOOOOOOOOOOOOOO
NN NN NN NN AN N SN N SN NN NN SN NN NN
B T e T T e e ]
T 00 O " N N NN T O 00 OO AN OO0 O N M
O O+ " 1 0 000000000000« - 0O O
N~ TS TS TSN TS TS NS TSNS TS ST S TS S YT ST ST TS ST TS S T TS T YN
O = O O < NN O WO WOO— oo WwmWwOoWwwWwN— 0 N O W
N NN AN AN AN AN AN OO AN AT AN AN NN AN NN AN N
2021-2024
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.

. . Spectral range / central Spatial resolution
Band Designation

wavelength (nm) (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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Metric Symbol General expression
Describes the proportion of
the total variance in the
o observed data that the
Coefficient of L (yi-xi)? _
o R? 1-==———>(5) model can explain. It
determination ik (vi-y)
ranges from 0 to 1.0;
higher values indicate
better fit
It is the difference
Mean absolute S yiexl between the estimated
MAE 2= Y (6)
error n value and the actual value
at each estimated point
It measures the average
magnitude of the errors.
Root mean ST
RMSE 2= E (7) The lower the RMSE, the
square error n
better the model and its
estimates
Probability under the null
Probability under hypothesis of obtaining a
the null p-valor p = 2min{Pr Pr (T = t|HO) ,Pr(|T| < t|HO)} (8) | true-valued test statistic at
hypothesis 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 Cosquin 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.
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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.

—NDCI — -NDVI = == RCl-L  weews GCI-1 —NDCI — -NDVI = .= REI-1

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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Two subsets used for calibration and validation were analyzed. The
first subset consisted of 35 pairs of values, ranging from 2 pg/l to 235
Mg/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):
y = A+ B.X + C.X? (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).
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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 GClI RCI
R2 0.81 0.49 0.61 0.57
MAE (ug/l) 13.9 22.1 20.8 20.9
RMSE (ug/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 pg/l for the NDCI model and close to 21
Mg/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
Mg/l), while the maximum value was obtained for the NDVI index (RMSE
= 31.9 pg/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 pg/l, RMSE = 33.5 ug/l, and p-

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

Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10
(https://creativecommons.org/licenses/by-nc-sa/4.0/)


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

Tecnologia y R
CienciaszAgua
=@-Chl-a (measured) =@-Chl-a (measured)
. 300 :
_ 3% (Station C) _ (Station DCQ)
S —Chl-a(NDCI) = —Chl-a(NDCI)
=200 2200
® ®
S 100 S 100
0 0
N N ) 0 ™
U N N SO U WU
¢ & & & ¢ & SRS S S Y
2y AP %Y AP %Y > L Y N . Y. L
Date Date
300 =@-Chl-a (measured) 300 =@-Chl-a (measured)
Station DSA Station TAC
( ) ——Chl-a(NDCI) ( ) ——Chl-a(NDCI)

" e "% YV ¥e] > ™ N N % Vv > >

3% % 3 1% Q0 V 4% % v Vv V
CHIPACHIR CHA I A R ARG G AR
SIS SRR R R G A MR SR SR SR R SN

I L VR G @ A ap 4% gh  AF 4

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

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 pg/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 RCI), 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.

Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10
(https://creativecommons.org/licenses/by-nc-sa/4.0/)


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

‘W) Check for updates
Tecnologia y

CienciaszAgua

Acknowledgments

Thanks to the Facultad de Ciencias Exactas, Fisicas y Naturales de la
Universidad Nacional de Cérdoba, the Instituto Nacional del Agua, a Aguas
Cordobesas and the Administracion Provincial de Recursos Hidricos,

province of Cdrdoba.

References

Ambrose-Igho, G. (2019). Spatiotemporal analysis of lake water quality
indicators on small lakes, Lake Bloomington and Evergreen Lake in
Central Illinois, using satellite remote sensing (tesis de maestria).
Illinois State University, USA. Retrieved from
https://ir.library.illinoisstate.edu/etd/1190

Barraza-Moraga, F., Alcayaga, H., Pizarro, A., Félez-Bernal, J. & Urrutia,
R. (2022). Estimation of chlorophyll. A concentrations in Lanalhue
Lake using Sentinel-2 MSI satellite images. Remote Sensing,
14(22), 5647. DOI: https://doi.org/10.3390/rs14225647

Bazan, R., Corral, M., Pagot, M., Rodriguez, A., Orona, C., Rodriguez, M.
I., Larrosa, N., Cossavella, A., Del-Olmo, S., Bonfanti, E., & Busso,
F. (2005). Teledeteccién y modelado numérico para el analisis de la
calidad de agua del embalse Los Molinos, Coérdoba, Argentina.
Ingenieria hidraulica en México, 20(2), 122-135.

Bramich, J., Bolch, C. J. S., & Fischer, A. (2021). Improved red-edge
chlorophyll-a detection for Sentinel-2. Ecological Indicators, 120,
106876. DOI: https://doi.org/10.1016/j.ecolind.2020.106876

Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10
(https://creativecommons.org/licenses/by-nc-sa/4.0/)


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

‘W) Check for updates
Tecnologiay ™%==
CienciaszAgua
Caballero, I., & Navarro, G. (2021). Monitoring cyanoHABs and water
quality in Laguna Lake (Philippines) with Sentinel-2 satellites during
the 2020 Pacific typhoon season. Science of the Total Environment,
788, 147700. DOLI:
https://doi.org/10.1016/j.scitotenv.2021.147700

Chawla, L., Karthikeyan, L., & Mishra, A. K. (2020). A review of remote
sensing applications for water security: Quantity, quality, and
extremes. Journal of Hydrology, 585, 124826. DOI:
https://doi.org/10.1016/j.jhydrol.2020.124826

ESA. (2025). Sentinel-2 user guide. Retrieved from

https://sentinel.esa.int/web/sentinel/user-guides/sentinel-2-msi

GEMS/WATER, Global Environment Monitoring System/Water. (1992).
Operational guide. Retrieved from
https://iris.who.int/bitstream/handle/10665/62446/GEMS_W_92.1
(partl).pdf;jsessionid=074E13AFASFA576FAB3C8EA729C166817s

equence=1

German, A., Shimoni, M., Beltramone, G., & Rodriguez, M. 1. (2021).
Space-time monitoring of water quality in an eutrophic reservoir
using SENTINEL-2 data: A case study of San Roque, Argentina.
Remote Sensing Applications: Society and Environment, 24 (8),
100614. DOI: https://doi.org/10.1016/j.rsase.2021.100614

Gilabert, M. A., Gonzalez-Piqueras, J., & Garcia-Haro, J. (1997). Acerca
de los indices de vegetacidon. Revista de teledeteccion. Asociacion
Espafiola de  Teledeteccion, 8, 1-10. Retrieved from
https://www.researchgate.net/publication/39195330

Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10
(https://creativecommons.org/licenses/by-nc-sa/4.0/)


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

‘W) Check for updates
Tecnologiay ™%==
CienciaszAgua
Gilerson, A. A., Gitelson, A. A., Zhou, J., Gurlin, D., Moses, W., Ioannou,
I., & Ahmed, S. A. (2010). Algorithms for remote estimation of
chlorophyll-a in coastal and inland waters using red and near-
infrared bands. Optics Express, 18(23), 24109-24125. DOI:
https://doi.org/10.1364/0E.18.024109

Gitelson, A. A., & Yacobi, Y. Z. (1995). Reflectance in the red and near-
infrared ranges of the spectrum as a tool for remote chlorophyll
estimation in inland waters—Lake Kinneret case study. In:
Proceedings of the Eighteenth Convention of Electrical and
Electronics Engineers in Israel (IEEE). 5.2.6, 1-5. DOI:
https://doi.org/10.1109/EEIS.1995.514184

Gitelson, A. A., Dall'Olmo, G., Moses, W., Rundquist, D. C., Barrow, T.,
Fisher, T. R., Gurlin, D., & Holz, J. (2008). A simple semi-analytical
model for remote estimation of chlorophyll-a in turbid waters:
Validation. Remote Sensing of Environment, 112(9), 3582-3593.
DOI: https://doi.org/10.1016/j.rse.2008.04.015

GEE, Google Earth Engine. (2022). Google Earth Engine: A planetary-
scale platform for Earth science data & analysis. Retrieved from

https://earthengine.google.com

Ha, N. T. T., Thao, N. T. P., Koike, K., & Nhuan, M. T. (2017). Selecting
the best band ratio to estimate chlorophyll-a concentration in a
tropical freshwater lake using Sentinel-2A images: A case study of
Lake Ba Be (Northern Vietnam). ISPRS International Journal of Geo-
Information, 6(9), 290. DOI: https://doi.org/10.3390/ijgi6090290

INA & CIRSA, Instituto Nacional de Agua & Centro de Investigacion de la
Regién Semiarida. (2024). Informe mensual de monitoreo embalse

San Roque. Cdérdoba, Argentina: Instituto Nacional de Agua.

Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10
(https://creativecommons.org/licenses/by-nc-sa/4.0/)


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

‘W) Check for updates
Tecnologiay ™%==
CienciaszAgua
Kislik, C., Dronova, I., Grantham, T. E., & Kelly, M. (2022). Mapping algal
bloom dynamics in small reservoirs using Sentinel-2 imagery in
Google Earth Engine. Ecological Indicators, 140, 109041. DOI:

https://doi.org/10.1016/j.ecolind.2022.109041

Legates, D. R., & McCabe, G. J. (1999). Evaluating the use of ‘goodness-
of-fit" measures in hydrologic and hydroclimatic model validation.
Water Resources Research, 35(1), 233-241. DOI:
https://doi.org/10.1029/1998WR900018

Li, P., Hao, F., Wu, H., & Nie, H. (2024). Spatiotemporal dynamic analysis
of eutrophication status based on machine learning-based retrieval
algorithm: Case study in Liangzi Lake, Hubei, China. Remote
Sensing, 16(22), 4192. DOI: https://doi.org/10.3390/rs16224192

Li, R., & Li, J. (2004). Satellite remote sensing technology for lake water
clarity monitoring: an overview. Environmental Informatics
Archives, 2, 893-901. Retrieved from
https://citeseerx.ist.psu.edu/document?repid=repl1&type=pdf&doi
=0bfa92c75e3b3c676af431b21c611a51a8714046

Li, N., Martin, A., & Estival, R. (2017). An automatic water detection
approach based on Dempster-Shafer theory for multi spectral
images. In: 2017 20th International Conference on Information
Fusion (Fusion) (pp. 1-8). Xi'an, China: Institute of Electrical and
Electronics Engineers. DOI:
https://doi.org/10.23919/ICIF.2017.8009789

Liu, H., Li, Q., Shi, T., Hu, S., Wu, G. & Zhou, Q. (2017). Application of
Sentinel 2 MSI images to retrieve suspended particulate matter

concentrations in Poyang Lake. Remote Sensing, 9, 761-780. DOI:
https://doi.org/10.3390/rs9070761

Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10
(https://creativecommons.org/licenses/by-nc-sa/4.0/)


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

‘W) Check for updates
Tecnologiay %=
CienciaszAgua
Maier, P. M., & Keller, S. (2019). Application of different simulated
spectral data and machine learning to estimate the chlorophyll-a
concentration of several inland waters. In: 10th Workshop on
Hyperspectral Imaging and Signal Processing: Evolution in Remote
Sensing (WHISPERS). Amsterdam, Netherlands: Institute of
Electrical and Electronics Engineers (IEEE). DOI:
https://doi.org/10.1109/WHISPERS.2019.8921073

Mishra, S., & Mishra, D. R. (2012). Normalized difference chlorophyll
index: A novel model for remote estimation of chlorophyll-a
concentration in turbid productive waters. Remote Sensing of
Environment, 117, 394-406. DOI:
https://doi.org/10.1016/j.rse.2011.10.016

Muchiut, J., Rodriguez, M. I., Ruibal-Conti, A. L., Ruiz, M., & Rodriguez,
A. (2024). Numerical modeling of the influence of reservoir
management on the algal blooms of San Roque. International
Journal of Environmental Science and Technology, 21, 1083-1098.
DOI: https://doi.org/10.1007/s13762-023-05102-5

Pagot, M., Rodriguez, A., Hillman, G., Corral, M., & Niencheski, F. (2007).
Remote sensing assessment of suspended matter and dynamics in
Patos Lagoon. Journal of Coastal Research, 47(1), 115-129. DOI:
https://doi.org/10.2112/1551-5036-47.sp1.116

Palmer, S. C. J., Hunter, P. D., Lankester, T., Hubbard, S., Spyrakos, E.,
Tyler, A. N., Présing, M., Horvath, H., Lamb, A., Balzter, H., & Toth,
V. R. (2015). Validation of Envisat MERIS algorithms for chlorophyli
retrieval in a large, turbid and optically-complex shallow lake.
Remote Sensing of Environment, 157, 158-169. DOI:
https://doi.org/10.1016/j.rse.2014.07.024

Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10
(https://creativecommons.org/licenses/by-nc-sa/4.0/)


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

‘W) Check for updates
Tecnologiay ™%==
CienciaszAgua
Ponce, G. A., Rodriguez, M. I., Ruibal-Conti, A. L., Muchiut, J., &
Rodriguez, A. (2023) Aplicacién preliminar del modelo MIKE 21 en
un embalse eutrofico durante eventos de crecidas: caso embalse
San Roque, Argentina. Tecnologia y ciencias del agua, 14(3), 314-
364. DOI: https://doi.org/10.24850/j-tyca-14-03-07

QGIS.org. (2025). QGIS Geographic Information System. QGIS
Association (3.28.10). Retrieved from http://www.qgis.org

Richardson, L. L. (1996). Remote sensing of algal bloom dynamics.
BioScience, 46(7), 492-501. DOI:
https://doi.org/10.2307/1312927

Wackerly, D., Mendenhall III, W., & Scheaffer, R. (2008). Mathematical
statistics with applications (7" ed.). Belmont, USA: Thomson
Brooks/Cole.

Xu, M., Liu, H., Beck, R., Lekki, J., Yang, B., Shu, S., Kang, E. L.,
Anderson, R., Johansen, R., Emery, E., Reif, M., & Benko, T. (2019).
A spectral space partition guided ensemble method for retrieving
chlorophyll-a concentration in inland waters from Sentinel-2A
satellite imagery. Journal of Great Lakes Research, 45(3), 454-465.
DOI: https://doi.org/10.1016/j.jglr.2018.09.002

Yu, S., Bai, Y., He, X., Gong, F., & Li, T. (2023). A new merged dataset
of global ocean chlorophyll-a concentration for better trend
detection. Frontiers in  Marine  Science, (10). DOI:
https://doi.org/10.3389/fmars.2023.1051619

Tecnologia y ciencias del agua, ISSN 2007-2422,

Open Access bajo la licencia CC BY-NC-SA 4.0 17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10
(https://creativecommons.org/licenses/by-nc-sa/4.0/)


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

‘W) Check for updates
Tecnologia y - d

C1enc1asﬁAgua

Zhang, Q., Yuan, Q., Zeng, C., Li, X., & Wei, Y. (2018). Missing data
reconstruction in remote sensing image with a unified spatial-
temporal-spectral deep convolutional neural network. IEEE
Transactions on Geoscience and Remote Sensing, 56 (8), 4274-
4288. DOI: https://doi.org/10.1109/TGRS.2018.2810208

Tecnologia y ciencias del agua, ISSN 2007-2422,
Open Access baJO la licencia CC BY-NC-SA 4.0 17(1), 388-422. DOI: 10.24850/j-tyca-2026-01-10

(https://creativecommons.org/licenses/by-nc-sa/4.0/)


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

	Assessment of chlorophyll indices with Sentinel-2 data in San Roque reservoir, Córdoba, Argentina
	Introduction
	Materials y methods
	Area of interest
	Description of the specific indices used
	Data in situ
	Satellite data: Sentinel-2 image collection and processing
	Google Earth Engine for processing Sentinel-2 images
	Performance metrics

	Results
	Discussion
	Conclusions
	Acknowledgments
	References



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



