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Abstract

This article investigates the estimation of water quality parameters, specifically chlorophyll-
a, applying machine learning techniques to Sentinel-2 images. This study focuses on
five small reservoirs located in the Extremadura region (Spain), as these are the ones for
which continuous daily records from automatic in situ sensors are available. Chlorophyll-a
estimates are obtained from two sources: (1) From the C2RCC atmospheric correction of
Sentinel-2 images using Sen2Cor and radiometric calibration to ensure temporal consistency,
and (2) from in situ data obtained from the official website of the Guadiana Basin Automatic
Network Information System. The machine learning (ML)-based methodology significantly
improves the predicted results for inland water bodies, enabling enhanced continuous
assessment of water quality in small reservoirs.

Keywords: remote sensing; water quality monitoring; Sentinel-2 imagery; machine learning;
continuous monitoring

1. Introduction
Access to water for human consumption tends to be a recurrent source of conflict

across multiple regions. In addition, hydro-intensive production practices have contributed
to a decline in the availability of fresh water due to contamination and unhealthy con-
ditions. The continuous measurement of reservoir variables can contribute to assessing
and implementing actions aimed at maintaining stored water under sanitary conditions.
The concentration of chlorophyll-a is commonly used as an indicator of the trophic state of
the water.

The Sentinel satellite network, operated by the Copernicus Programme of the European
Commission, enables the monitoring of reservoir conditions. One of the parameters that can
be measured through hyperspectral imaging is the concentration of chlorophyll-a present
in the water [1]. Several studies have proposed suitable methods for these techniques [2–4],
which are based on the use of the SNAP tool [5] and the C2-NET model [6]. Nevertheless,
the extrapolation of these tools to small reservoirs has proven to be unstable since the
training was performed using imagery from large terrestrial and oceanic water bodies.
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In this work, we propose a machine learning model to adjust the chlorophyll-a levels
obtained from satellite imagery of small reservoirs. Sentinel-2 images were processed with
the C2-NET, specifically C2RCC model, to infer chlorophyll-a concentration, and the results
were calibrated against real-time in situ measurements to improve model accuracy.

2. Materials and Methods
2.1. Study Area

The study area consists of five different reservoirs within the Guadiana River Basin,
managed by the Guadiana River Basin Authority (Confederación Hidrográfica del Guadi-
ana). This institution provides continuous water quality data for several reservoirs, includ-
ing the Alange, Orellana, Tentudía, Peña del Águila, and Zújar reservoirs. The geographical
locations of these reservoirs are shown in Figure 1.

Figure 1. Study area in southwestern Spain, a region of the Iberian Peninsula. The five reservoirs
with continuous in situ chlorophyll-a data are marked with a blue circle.

2.2. Data Used

For this study, measurement data obtained directly from the reservoirs and images
from the Sentinel-2 satellites were used. The in situ measurement data from the reservoirs
were obtained from SIRA (https://siraguadiana.com, accessed on 30 January 2026), while
the hyperspectral images were retrieved from the Copernicus Browser (https://browser.
dataspace.copernicus.eu/, accessed on 30 January 2026) and processed using SNAP with
C2RCC correction in a maximum 7 × 7 window [7,8]. All available satellite images and in
situ measurements from the years 2023 and 2024 were collected. Subsequently, the data
were cross-referenced so that each fully visible (cloud-free) hyperspectral image of the
reservoir was assigned the nearest daily measured value of chlorophyll. Table 1 presents
several statistics of measurements, broken down by reservoirs and the overall total.
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Table 1. Identification of the data used. The measured data are shown on the left, and the data from
satellite images using SNAP are shown on the right. Chlorophyll-a concentration in (mg/m3).

Reservoir Alange Orellana Tentudía Peña del Águila Zújar Total

Start date 31 January 2023 22 March 2023 31 January 2023 24 January 2023 22 March 2023 31 January 2023
End date 24 December 2024 21 December 2024 6 December 2024 20 October 2024 21 December 2024 24 December 2024

N 23 22 22 17 22 106
Maximum 15.92 32.61 26.35 32.81 155.36 33.14 200.00 32.87 163.80 30.33 200.00 33.14
Minimun 1.69 7.66 2.91 6.50 1.11 0.17 2.55 8.48 0.00 2.78 0.00 0.17
Mean 5.63 17.19 8.56 20.81 31.09 21.69 26.51 24.30 16.43 17.16 17.11 20.01
Std. Dev. 3.57 6.17 5.39 7.34 35.32 7.76 45.06 6.96 33.60 7.60 30.34 7.87

2.3. Machine Learning Algorithms

The proposed methodology aims to correct the presented data through a machine
learning framework that enables the inference of a more accurate value of chlorophyll-
a concentration in the reservoirs of the study area, compared with the measured data.
The application of the methodology is illustrated graphically in Figure 2.

Figure 2. Workflow used in the analysis of water quality (chlorophyll-a) in the reservoir.

The proposed machine learning model uses a Voting Ensemble with five Gradient
Boosting regressors to aggregate reservoir data. Extreme values from the Peña del Águila
(1), Tentudia (1) and Zújar (5) reservoirs were removed to improve statistical reliability.

3. Results
The model was trained with 66% of the data and tested with 34%, using a Voting

Regression with five Gradient Boosting estimators. Table 2 presents the resulting metrics,
while Figure 3 illustrates the model performance on the test dataset versus the actual data.

Table 2. Model Fitting Metrics. Chlorophyll-a concentration (mg/m3).

RSME MAE R2 r (Pearson) p-Value

9.94 8.64 −0.65 0.32 0.067

Although the R2 value is negative, the predicted data generally follow the observed
trends. This calibration enables the correction of chlorophyll-a concentrations estimated
from satellite imagery and the C2-NET model, ensuring consistency with in situ sensor mea-
surements. Consequently, the proposed approach improves the reliability of chlorophyll-a
estimates from remote sensing and supports reservoir water quality assessment.
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Figure 3. Comparison between real data and model behavior on test data.

4. Conclusions
The resulting model, based on regression algorithms, provides a more comprehensive

and accurate fit for the reservoirs within the study area. Through this adjustment, correc-
tions can be applied to the chlorophyll-a concentration estimated from satellite imagery
and C2-NET. This approach ensures that the chlorophyll-a concentration trends obtained
from satellite images are consistent with those measured by sensors, making it a useful
method for estimating the health and quality of stored water.
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