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ABSTRACT

Mar Menor lagoon (SE Spain) chlorophyll-a and turbidity estimation with Sentinel-2

Mar Menor is a Mediterranean Coastal lagoon with high environmental and social value, but has suffered important episodes of 
contamination in recent years due to heavy rains, sediment dragging and polluting substances mainly from agriculture as well 
as the entry of mining waste, causing an increase in eutrophication. Water quality variables such as chlorophyll-a concentration 
[Chl-a] and turbidity, can be studied through its optical properties by remote sensing techniques. In this work, a methodology 
is proposed for monitoring [Chl-a] and the turbidity of the Mar Menor using Sentinel-2 images. For this purpose, an extensive 
database of both variables was used consisting of data taken on different dates between 2016 and 2019 at 12 points of Mar 
Menor. The images were atmospherically corrected using Case 2 Regional Coast Color Processor (C2RCC) version for tur-
bid waters (C2X) to obtain the water surface reflectance. Then several arithmetic relations between database and reflectance 
bands used in the bibliography for [Chl-a] and turbidity were analyzed. Comparing the results of each one of these relations 
with the in situ data, decided that the best index for [Chl-a] estimation is the relation (R560 + R705)/ (R560 + R665) with an  
RMSE = 2.6 mg/m3 and a NRMSE = 9.1 % and for turbidity R705*R705/R490 with an RMSE = 1.5 NTU and a NRMSE= 10.9 %. 
Finally, by applying these relationships on different dates, thematic maps of [Chl-a] and turbidity of Mar Menor were obtained. 
One of these images was some days after September 2019 torrential rains, in which a considerable [Chl-a] and turbidity in-
crease was observed.
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RESUMEN

Estimación del contenido de clorofila-a y turbidez del Mar Menor con Sentinel 2

El Mar Menor es un lago costero Mediterráneo con un alto valor medioambiental y social, pero que ha sufrido importantes 
episodios de contaminación en los últimos años a causa de fuertes lluvias, arrastre de sedimentos y sustancias contaminantes 
principalmente de la agricultura y la entrada de residuos mineros provocando un aumento de la eutrofización. La concen-
tración de clorofila-a [Chl-a] y la turbidez son parámetros de calidad del agua que, por sus propiedades ópticas, pueden 
ser estudiadas con técnicas de teledetección. En este trabajo se propone una metodología para monitorizar el contenido en 
[Chl-a] y turbidez del Mar Menor usando imágenes de Sentinel-2. Para ello se ha utilizado una extensa base de datos, que 
cuenta con ambos parámetros, [Chl-a] y turbidez, medidos en diferentes fechas entre el año 2016 y 2019 en 12 puntos sobre 
el Mar Menor. Las imágenes fueron corregidas atmosféricamente con la versión para aguas turbias (C2X) del procesador 
Case 2 Regional Coast Colour Processor (C2RCC), para obtener los valores de reflectividad. A continuación, se analizaron 
las relaciones aritméticas entre las reflectividades de las bandas utilizadas en la bibliografía para el estudio de la [Chl-a] y 
la turbidez. Comparando cada una de esas relaciones con los datos in situ se obtuvo que el mejor índice para la [Chl-a] es la 
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INTRODUCTION

The water quality of lakes, lagoons, reservoirs and 
rivers is essential for human beings. Water has a 
high ecological value because is essential for life 
and it is the habitat for a large number of living 
organisms. The importance of water is also due 
to it is a source of energy. Although inland water 
masses only cover around 1 % of Earth surface, 
it is the habitat of around 40 % of fish species 
(FAO, 2020), and provides food and recreational 
resources that directly affect the life and economy 
of human population (Pérez-Ruzafa et al., 2019). 
Coastal lagoons are extremely complex and pro-
ductive environments. They play a major role on 
carbon cycle by matter exchanging between the 
terrestrial and marine environment where its auto-
trophic organisms fix inorganic carbon using light 
as energy source, transforming inorganic carbon 
into organic carbon. In coastal lagoons, there are 
numerous physical and chemical processes that 
are sensitive to atmospheric phenomena, such as 
runoff incoming, marine intrusion or sediment 
incoming and resuspension (Bonilla & Conde, 
2000). The most prominent pollution process is 
eutrophication, characterized by the replacement 
of seaweed and low macroalgae biomass by large 
microalgae biomass as consequence of the exces-
sive nutrient input. When eutrophication becomes 
chronic it causes hypoxic events, algal blooms 
that are often toxic, massive death of benthic sea-
weed and animals as well as changes in the pat-
terns and structure of water bodies (Pérez-Ruzafa 
et al., 2019). The degree of eutrophication can be 
determined by measuring the chlorophyll-a con-
centration [Chl-a] in the water, which is the es-
sential photosynthetic pigment of phytoplankton 
(Gitelson et al., 2009). 

Mar Menor is a hypersaline coastal lagoon 

(Pérez-Ruzafa et al., 2005) that has been the 
center of attention for numerous controversies 
during the last years. Among them, the prolif-
eration of the socalled green soup (De la Peña, 
2020) due to the high [Chl-a] as a consequence 
of nutrients that reach the lagoon related with 
the practice of intensive agriculture, especially 
in the surroundings of the Cartagena countryside 
(Campillo et al., 2013). Added to this problem 
is the discharge of heavy metals and other con-
taminants from mining activity. that aggravates 
the situation (Calvo, 2020) affecting the lagoon 
sediments, which present a high concentration of 
metals and toxicity, mainly at south-western part 
of the lagoon, determining the presence of heavy 
metals in benthic organisms (Marín-Guirao et al., 
2005). Another problem of the lagoon is the loss 
of depth due to the increase in frequency of ex-
treme rains that have led a greater sediment trans-
portation (Marín-Guirao et al., 2005). All of these 
problems that have occurred on Mar Menor for 
years have disturbed its old equilibrium (Álvarez 
et al., 2016) of low productivity and clear waters 
typical of an oligotrophic lagoon (Erena et al., 
2017), changing the phytoplankton composition 
(Soria et al., 2020).

The great interest in water quality studies and 
the development of remote sensing techniques 
during the last decades have fostered improved 
methods that allow the temporary study of large 
aquatic surfaces, such as Mar Menor, using satel-
lite images (Matthews, 2011). 

In studies of inland and marine waters by re-
mote sensing, the quality of the water body can 
be determined by its optical properties (Ogasha-
wara et al., 2017), that have spatial and temporal 
variations related with physical qualities and bio-
logical water composition (Soomets et al., 2020). 
The optical properties of pure water are modified 

relación (R560+R705)/(R560+R665) con un RMSE = 2.6 mg/m3 y un NRMSE = 9.1 %, para la turbidez R705*R705/R490 con 
un RMSE = 1.5 NTU y un NRMSE = 10.9 %. Finalmente se muestran mapas de [Chl-a] y turbidez del Mar Menor, aplicando 
estas relaciones en fechas distintas, una de ellas días después de las lluvias torrenciales de septiembre de 2019, donde se ob-
serva como la concentración de [Chl-a] y la turbidez aumentan considerablemente.
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by dissolved and suspended substances (Ogasha-
wara et al., 2017) that can be correlated with in-
formation obtained by remote sensing (Han et al., 
2016). Among the physical properties that can be 
studied by remote sensing, the most notable are 
turbidity, defined as the lack of transparency of a 
liquid due to the presence of suspended particles 
and Chl-a, with a characteristic absorption spec-
trum of visible light (Soomets et al., 2020), which 
is used as an index of phytoplankton biomass. 

In recent years, many satellite missions for 
Earth observation purposes have been designed. 
In this respect, the Copernicus program is an in-
itiative between the European Commission and 
the European Space Agency (ESA) that includes 
the development of several satellite missions that 
aim to contribute to protection of the environment, 
health, agriculture and security of their citizens 
(Jutz & Milagro-Pérez, 2020). The program offers 
quality data and services for free. The Sentinel-2 
mission stands out within the Copernicus pro-
gram, which consists of 2 identical satellites A and 

B, launched in 2015 and 2017 respectively. With 
the combination of the two satellites, coverage is 
attained every 5 days at the equator, reaching re-
visits every 2-3 days at mid-latitudes (ESA, 2020). 
Both satellites have on board the Multispectral 
Instrument (MSI) sensor with 13 spectral bands 
ranging from visible to near infrared (Drusch et 
al., 2012) between 443 and 2190 nm, with spatial 
resolution of 10, 20 and 60 m (ESA, 2020).

Sentinel-2 provides terrestrial optical images, 
available level 1C products, which are radiomet-
rically and geometrically corrected. In addition, 
ESA also provides level 2A products, whose im-
ages are corrected for the disturbance introduced 
by the atmosphere, a process known as atmos-
pheric correction.

The objective of this work is to develop the best 
methodology for monitoring the [Chl-a] content 
and turbidity of Mar Menor with Sentinel-2 imag-
es, using field data obtained between 2016 to 2019. 
This methodology should serve to establish envi-
ronmental monitoring of the lagoon in efficient 
way, without need of continuous in situ sampling.

MATERIALS AND METHODS

Study area and in situ data

Mar Menor is a hypersaline coastal lagoon lo-
cated in the province of Murcia (SE Spain) and 
the surroundings, islands and wetlands, comprise 
a designated area of 14 527 ha, protected under 
a combination of international, European and 
Spanish environmental policies. It is noted as a 
Special Protected Area (SPA) under the EU Birds 
Directive (79/409/EEC), supporting important 
numbers of migrant and aquatic birds. Some ar- 
eas of Mar Menor were also recognized under the 
Ramsar Convention with the number 706 at Octo-
ber 1994, being a Site of Community Importance 
(SCI) under the EU Habitats Directive (92/43/
EEC) and Special Protected Area of Mediter- 
ranean Interest (SPAMI) within the Barcelona 
Convention for the Protection of the Mediter- 
ranean Sea against Pollution since October 2001. 
The protection status based on the “Natura 2000” 
network established by Habitats EU Directive 
(92/43/EEC) includes three categories at Mar 
Menor area: priority and non-priority Habitats, 

Figure 1.  RGB composition of Mar Menor made with a Sen-
tinel-2 image, showing the pins (markers) for sampling points. 
Composición RGB de del Mar Menor realizado con una imagen 
de Sentinel 2 mostrando los pines de los puntos de muestreo.
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depending on if they are in danger of disappear-
ance or not, and zones without this status. Mar 
Menor coastal lagoon is also regulated by local 
laws. This region has a semi-arid climate with a 
mean annual temperature of 18 °C, an average 
annual precipitation of 300 mm, and a potential 
evapotranspiration of 1275 mm/yr (Sanchez et al., 
1989). The Mar Menor lagoon (Fig. 1) has a sur-
face of 135 km2 and a volume of 593 hm3, with 
mean depth of 4.5 m and maximum depth < 6.5 m.  
Renewal time rate ranges from 0.66 to 1.2 year 
(Pérez-Ruzafa et al. 2005). The lagoon is one of 
the largest in the Mediterranean basin (Perez-Ru-
zafa et al., 2011; Perez-Ruzafa et al., 2013) and 
the largest along the Spanish Mediterranean coast. 
It is separated from the open sea by a 22-km-long 
sand bar (La Manga), although one natural con-
nection with sea and two artificial canals allows 
some water renewal (water velocity in the lagoon 
is lower than 0.03 m/s) (Garcia-Oliva et al., 2018).

The database used in this work was obtained 
through measurements acquired by the IMIDA 
(Murcian Institute for Agricultural and Food Re-
search and Development) from August 2, 2016 
to October 15, 2019 with a frequency between 4 
and 5 times a month, taking measurements at 12 
points of Mar Menor. Overall, the used database 
has an average of 152 field campaigns on differ-
ent dates for each sampling point, with a total of 
1827 made measurements. The instrument used 
to carry out water quality measurements was a 
Sea Bird Electronics SBE-19 equipped with three 
fluorimeters to measure, among other variables, 
[Chl-a] (in mg/m3) and turbidity (measured in 
Nephelometric Units or Nephelometric Turbidity 
Units, NTU) (Erena et al., 2019). The measure-
ments were always carried out at the same points 
with fixed coordinates and distributed throughout 
Mar Menor. Figure 1 shows the sampling points 
(pins) with their numbering. Point 5 is located 
outside the Mar Menor, specifically at the port 
and the rest are located within the lagoon. All 
points are more than 200 meters away from the 
shore, which serves to minimize the adjacency 
effect on satellite images once are analyzed. This 
database has measurements at each point at dif-
ferent depths, including between 0-1 m, 1-2 m, 
2-3 m, 3-4 m and 5-6 m. In our study, we chose 
[Chl-a] and turbidity measurements obtained at 

depths between 0 and 1 meters, since they are the 
ones that best correlate with remote sensing data.

Sentinel-2 image processing

The main characteristics of Sentinel-2 mission 
are given in table 1, indicating its band config-
uration and spatial resolution. Sentinel-2 images 
were downloaded from the web address https://
scihub.copernicus.eu from Copernicus program, 
and https://earthexplorer.usgs.gov from United 
States Geolgical Survey (USGS).

Cloud-free images over Mar Menor were se-
lected from the database to synchronize with 
sampling dates. To increase the number of avail-
able images, those with some clouds but without 
covering over the sampling points were also used. 
In total, 14 dates were downloaded following the 
previously established criterion, with 158 coinci-
dent pixels with [Chl-a] points and 157 coinci-
dent pixels with measured turbidity points, for a 
total of 315 data from the in situ database. The 
dates of selected images are given in table 2. For 
image processing, we use the SNAP program 
(Sentinel Application Platform), which is a free 
software developed by ESA, specifically for im-
age processing. Used images belong to level 1C, 
georeferenced but without atmospheric correction 
that are ortho-images of 100x100 km in the UTM/
WGS84 projection. All bands were resampled at 
20 m and the images were cut out to select the 
area corresponding to Mar Menor. Next, we pro-
ceeded to perform the atmospheric correction of 
each image. For this process, we used an atmos-
pheric correction method incorporated into SNAP 
program: Case 2 Regional Coast Color Processor 
(C2RCC), based on a multilayered method per 
pixel of an artificial neural network (Warren et 
al., 2019) and has two versions: C2RCC for oce-
anic waters and C2X for turbid waters (Hierony-
mi et al., 2016). Version C2X is more satisfactory 
to mesotrophic to hypertrophic waters (Pereira- 
Sandoval et al., 2019), and is therefore more suit-
able for Mar Menor study due to its trophic state, 
maintaining the predetermined variables. This 
process delivers a new product, level 2A, with a 
folder containing a series of bands that provide 
water leaving reflectance and a folder with two 
automatic products: [Chl-a] and total suspended 
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solids, which are developed through neural net-
works (Brockmann et al., 2016).

Algorithms determination

The reflectance spectra from water surface were 
extracted in 3x3 pixel windows (Kutser, 2012), 
centered in the pin corresponding to each sam-
pled point, for a total of 9 spectra per point. This 
was done to reduce noise because if only the 
center pixel values were extracted, there could 
be anomalous values as the C2X processor some-
times provides erroneous punctual results.

For validation [Chl-a] automatic product, the 
[Chl-a] values of the 9 pixels were extracted to 
select only those pixels with values that are with-
in Mar Menor [Chl-a] range. Pixels with [Chl-a] 
values under 0.001 mg/m3 were eliminated, since 
they are considered erroneous as the values of the 
lagoon are always higher than this value. Then, 
the [Chl-a] automatic product medians and stan-
dard deviations of the remaining pixels were cal-
culated for each measurement point. Furthermore, 
values above the median plus the standard devi-
ation and those below the median minus the de-
viation were also eliminated (Pereira-Sandoval et 

Band Number 
(Spatial Resolution) 

Band Description Central 
Wavelength (nm) 

Bandwith 
(nm) 

Band 1 (60 m) Deep blue (Coastal aerosol) 443 20 

Band 2 (10 m) Blue 490 65 

Band 3 (10 m) Green 560 35 

Band 4 (10 m) Red 665 30 

Band 5 (20 m) Red-edge 705 15 

Band 6 (20 m) Red-edge 740 15 

Band 7 (20 m) Red-edge 783 20 

Band 8 (10 m) Near infrared (NIR) 842 115 

Band 8A (20 m) Near infrared narrow (NIRn) 865 20 

Band 9 (60 m) Water vapour 945 20 

Band 10 (60 m) Shortwave infrared / Cirrus  1375 30 

Band 11 (20 m) Shortwave infrared 1 (SWIR1) 1610 90 

Band 12 (20 m) Shortwave infrared 2 (SWIR2) 2190 180 

Table 1.  Characteristics of Sentinel-2 spectral bands. Características de las bandas espectrales de Sentinel 2.

28/10/2016 20/06/2018 07/11/2018 14/08/2019 
30/06/2017 10/07/2018 12/03/2019 18/09/2019 
20/02/2018 29/08/2018 25/06/2019 03/10/2019 
07/03/2018 03/10/2018 

Table 2.  Dates of Sentinel-2 images selected with the established criterion. Fechas de las imagines de Sentinel 2 seleccionadas con 
los criterios establecidos.
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al., 2019; Müller et al., 2015). Finally, we calcu-
late the mean and standard deviation of each pin 
of [Chl-a] automatic product with the remaining 
values. These were the values compared with the 
field data to validate this product.

Regarding the reflectance data, the final spec-
trum of the pin was calculated by averaging the 
reflectance of the selected pixels in the 3x3 win-
dow (Kutser, 2012). Then, the mean [Chl-a] and 
turbidity values measured in field were assigned 
to each point, generating a database that allows 
the study of different combinations of bands. 
The method used was to apply the mathematical 
combination of a reflectance band from previous 
works, both [Chl-a] and turbidity, to find the best 
correlation with these variables. The range of re-
flectance present in the mathematical combina-
tions is convoluted to the Sentinel-2 bands and 
shown in tables 3 and 4 for [Chl-a], and table 5 
for turbidity. Finally, those combinations of bands 
that obtained the best linear correlation with the 
variable under study ([Chl-a] or turbidity) were 
selected according to the coefficient of determi-
nation R2 and the root mean square error RMSE.

RESULTS AND DISCUSSION

Retrieval algorithms for [Chl-a]

We used a total amount of 158 in situ measure-
ments, with 3.57 mg/m3 average and 6.12 mg/m3 
standard deviation, ranging between 0.09– 
27.99 mg/m3.

The best combinations of reflectance bands 
from Sentinel-2 related with in situ [Chl-a] are 
given in table 6, including its coefficients of de-
termination, the lineal regression equation, and 
its RMSE and NRMSE. Graphs of relationships 
are shown in figure 2. The combination with a 
better correlation with R2 = 0.82 is obtained with 
the formula:

 (1)

In this combination, the green band centered 
at 560 nm is the region less affected by pigment 
absorption (Delegido et al., 2014). The 665 nm 
band, corresponding to red, where [Chl-a] has a 

secondary absorption peak (Elosegi et al., 2009) 
and 705 nm band that corresponds to the region 
where the influence of [Chl-a] is minimum and 
is mainly related to phytoplankton backscattering 
(Delegido et al., 2014), although water continues 
to absorb in this band. In the second-best corre-
lation, the combination (R705–R740)/(R665–
R740) with R2 = 0.808, the reflectances to 705 
nm and 665 nm bands are also present, as with the 
third combination (R705–R783)/(R665–R783) 
with R2 = 0.807. That is, the reflectances of the 
705 nm and 665 nm bands are present in all com-
binations with the best correlations. If the princi-
ple of parsimony states that in a set of explanatory 
variables that are part of the studied model, the 
smallest and simplest possible combination must 
be chosen (Delegido et al., 2014), it would also 
be acceptable, for its simplicity, to use the R705/
R665 index with R2 = 0.766 with the equation:

 (2)

Source Combination 

Cairo et al., 2019  R740/R560 

Erena et al. 2019 (R560-R490)/(R560+R490) 

Gitelson et al., 2009 R740*((1/R665)-(1/R705)) 

Moses et al., 2009 R740/R665 

Koponen et al., 2007 R705/R665 

Candiani et al., 2005 R560/R665 

Giardino et al., 2005 (R443–R783)/(R490–R705) 

Giardino et al., 2005 R490 

Strömbeck et al., 2004 R560/R705 

Floricioiu et al., 2003 R665/R560 

Floricioiu et al., 2003 R665/R490 + R560/R490 

Koponen et al., 2002 (R705–R783)/(R665–R783) 

Flink et al., 2001 R560 

Flink et al., 2001 R705/R665+ R665/R560 

Härmä et al., 2001 (R705–R740)/(R665-R740) 

Table 3.  Mathematical combinations most used by different  
authors for remote sensing [Chl-a] determination, where Ri is the 
reflectance for i-centered spectral band (nm). Combinaciones 
matemáticas más utilizadas por los distintos autores en la deter- 
minación de [Chl-a] por teledetección, donde Ri es la reflectan-
cia en el banda espectral centrada-i (nm).

[Chl-a] (mg/m3) = – 115.35124.94 (R560+R705)
(R560+R665)

[Chl-a] (mg/m3) = 32.448 (          ) – 21.408 R705
R665
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The best correlation for retrieval [Chl-a] has 
been obtained with a four band model tested by 
Delegido et al. (2014), (R560 + R705) / (R560 + 
R665). The good correlation coefficient and the 
low NRMSE = 9.1 %, show that the algorithm 
used delivers very good matching results for the 
studied water body. The p-value is less than 0.001 
in all cases.

Regarding studies carried out specifically at 
Mar Menor, using Landsat satellite images Erena 
et al. (2019) obtained the best correlation index 
with the green and red bands

obtaining an R2 = 0.887, but the index tested 
with data of our study obtain a R2 = 0.298.

Our results with the four band model are also 
similar to those obtained by Sòria-Perpinyà et al. 
(2019) for Albufera of València, a coastal lagoon 
to the Northeast of Mar Menor. Using the TDBO, 
triband model of Dall’Olmo et al. (2003),

 they obtained a mean absolute error of 9.6 % 
for a wide [Chl-a] range 4.5–209 mg/m3. This 
triband model was also tested for this study, get-
ting one of the five best correlations with NRMSE 
of 10.3 %.

If we chose the smallest and simplest possible 
combination, it is acceptable to use, for [Chl-a] 
estimations, the ratio R705/R665 with R2 = 0.77, 

log (R705/R665) (1/R490)-(1/R705) (R490+R705)/R490 (R705+R783)/(R490+R783) 

R665/R740 (1/R560)-(1/R705) R705*R705/R490 (R705+R783)/(R560+R783) 

log (R443/R560) (1/R665)-(1/R705) R705*R705/R665 (R490-R783)/(R560+R490) 

log (R490/R560) (R490-R705)/R490 R705/(R490*R490) (R560-R783)/(R560+R665) 

R705/R490 (R590-R705)/R665 R783/(R490*R665) (R490-R705)/(R490+R705) 

R705/R560 (R665-R705)/R665 (R560+R705)/(R560+R665) (R560-R705)/(R560+R705) 

(R665-R705)/(R665+R705) 

Table 4.  Mathematical spectral band reflectance combinations used in Delegido et al. (2014). Combinaciones matemáticas de la re-
flectancia de las bandas espectrales utilizadas en Delegido et al. (2014).

Source Combination 

 

Erena et al., 2019 (R560-R490)/(R560+R490) 

Härmä et al., 2001 R705–R740 

Yuan et al., 2019  R783/R490 

Härmä et al., 2001 (R443-R665)/(R560-R665) 

Caballero et al., 2018  R665 

Gitelson et al., 1993 (R560–R490)/(R560+R490) 

Caballero et al., 2018 R865 

Lathrop & Lillesand,1989 R490/(R443+R560) 

Hou et al., 2017  (R560+R705)/(R560+R665) 

This study R783 

Hou et al., 2017  R665/R560 

This study R865/R443 

Petus et al., 2010 R490 

This study R865/R490 

Doxaran et al., 2009 R865/R560 

This study R865*R783/R490 

Doxaran et al., 2009 R490/R443 

This study R783*R705/R490 

Koponen et al., 2007 R705/(R560 + R665) 

This study R705*R705/R490 

Doxaran et al., 2002 R560/R443 

This study (R783/R490)+(R665/R560) 

Kallio et al., 2001 R705 

This study (R783-R865)/R490 

Table 5.  Used indices for the turbidity study. Índices usados 
para el estudio de la turbidez.

( )− ( )
( )+ ( )

 

 = (740) ( 1
(665) −

1
(705))  
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Combination R2 Equation RMSE (mg/m3) NRMSE(%) 

(R560+R705)/(R560+R665) 0.820 y = 124.94x - 115.35 2.6 9.1 

(R705–R740) /(R665–R740) 0.808 y = 22.835x - 12.974 2.7 9.1 

(R705–R783) /(R665–R783) 0.807 y = 22.946x - 13.11 2.7 9.1 

R740*(1/R665-1/R705) 0.790 y = 111.69x + 10.536 2.8 10.3 

R705/R665 0.766 y = 32.448x - 21.408 3.0 11.9 

Table 6.  Better arithmetic combinations and statistics results, where 0rdinates (y) are [Chl-a] and Abscissas (x) are the spectral index 
(combination). Mejores combinaciones aritméticas y sus estadísticas, donde la ordenada (y) es [Chl-a] y la abscisa (x) es el índice 
espectral (combinación).

Figure 2.  Relationships between [Chl-a] field data and the best Sentinel-2 spectral band combinations. Relaciones entre la [Chl-a] del 
dato de campo y las mejores combinaciones de bandas.
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RMSE = 3.0 mg/m3 and a NRMSE = 11.9 % for 
a range between 0.11 and 24.89 mg/m3, also ob-
tained with good results in several studies utilizing 
Sentinel-2 data. One example is the study of Lins 
et al. (2017) at an estuarine lagoon, where they 
obtained a R2 = 0.78 and RMSE = 10.44 mg/m3 
with a [Chl-a] range of 0.97–117.24 mg/m3. Anoth-
er example is the study of Chen et al. (2017) at Lake 
Huron, where they obtained R2 = 0.49 and a RMSE 
= 9.97 with a [Chl-a] range of 1.62–51.68 mg/m3.

C2X [Chl-a] automatic product vs [Chl-a] in 
situ data

On the other hand, as we have mentioned be-
fore, when doing the atmospheric correction 
with C2X, the SNAP software provides sev-
eral automatic products, among them [Chl-a]. 
In order to validate this product with field data, 
in figure 3 we show the relationship between 
[Chl-a] automatic product obtained with C2X 
and [Chl-a] in situ measurements. This al-
lows us to know if this automatic product pro-
vides better results than our calculated indices. 
For this, we calculate its NRMSE = 10.48 % 
and RMSE obtaining a value of 3.9 mg/m3, 
values greater than obtained with the 5 best indi-
ces. Therefore, the calibrated arithmetic combi-
nations are better methods to measure Mar Menor 

[Chl-a] than the automatic product given by 
SNAP. The automatic product works well enough 
since it has been calibrated with a wide database 
valid for a wide range of water types, while the 
indices obtained have been specifically calibrated 
with field data from Mar Menor.

Retrieval algorithms for turbidity

We used a total amount of 157 in situ measurements, 
with 2.25 NTU average and 2.82 NTU standard de-
viation, ranging between 0.1–15.89 NTU.

The best correlations between the measured tur-
bidity in the field and the different indices obtained 
from Sentinel-2 reflectances are given in table 7 
and shown in figure 4. We observe that the highest 
correlation is obtained with the ratio R705*R705/
R490 with R2 = 0.7303, using the equation:

 (3)

In this equation, the reflectance of the band 
705 nm is present, which is mainly related to the 
scattering in the near infrared caused by the sus-
pended particles and the band 490 nm that corre-
sponds to the blue band, where the water reflects 
the most and its reflectance decreases with the 
presence of suspended solids, affecting turbidity 
(Sebastiá-Frasquet et al., 2019).

The second-best correlation is R783*R705/
R490 with an R2 = 0.7013. In this combination, 
we consider the band 783 nm, which is sensitive 
to high concentrations of suspended particles, to 
be able to overcome the strong water absorption 
in this spectral region.

The third best correlation (R783-R865)/R490 
with R2 = 0.673 uses the reflectances of bands 
783 nm and 490 nm, and the reflectance of the 
band 865 nm is added.

The fourth best correlation R783/R490 with 
an R2 = 0.666 is the simplest relation that has 
been obtained.

The fifth best correlation is R865*R783/R490 
also uses the same bands as the third combina-
tion. The p-value is less than 0.001 in all cases.

The calibrated equations allow to obtain maps of 
turbidity at the whole Mar Menor, selecting in this 
case for Mar Menor the equation 3 that obtains the 
best statistics with a combination of only two bands. 

Figure 3.  Validation relationship between [Chl-a] of Sentinel-2 
automatic product with field [Chl-a] measurements, where the 
line represents the 1: 1 line and the line dashes the fit. Validación 
de la relación entre la [Chl-a] del producto automático de Sen-
tinel-2 con las medidas de campo de [Chl-a], donde la línea 
representa la recta 1:1 y la línea guion el ajuste.

Turbidity (NTU) = 194.79 (R705*          ) + 0.9061  R705
R490
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Table 7.  Better arithmetic combinations and statistics results, where 0rdinates (y) are turbidity and Abscissas (x) are the spectral index 
(combination). Mejores combinaciones aritméticas obtenidas y sus estadísticas, donde la ordenada (y) es la turbidez y la abscisa (x) 
es el índice espectral (combinación).

Combination R2 Equation RMSE (NTU) NRMSE(%) 

R705*R705/R490 0.730 y = 194.79x + 0.9061 1.5 10.9 

R783*R705/R490 0.701 y = 591.32x + 1.0383 1.5 10.6 

(R783-R865)/R490 0.673 y = 28.579x - 0.0703 1.6 13.7 

R783/R490 0.666 y = 17.628x - 0.0921 1.6 14.1 

R865*R783/R490 0.642 y = 4440.6x + 1.1953 1.7 10.2 

Figure 4.  Relationships between turbidity field data and best Sentinel-2 spectral band combinations. Relación entre la turbidez del 
dato de campo y las mejores combinaciones de las bandas de Sentinel 2.
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It makes sense that the best correlations are 
obtained with the bands 783 nm and 865 nm 
since with small amounts of suspended particles, 
the strong water absorption in this spectral region 
overcomes and makes the reflectance near to zero, 
while the band 705 nm is mainly related to phy-
toplankton backscattering that is found, increas-
ing turbidity within the suspended solids set. The 
presence of the 490 nm blue band is also observed 
in all relationships, since its reflectance decreases 
with the increase of suspended particles.

The best correlation to retrieval turbidity has 
been obtained with a two band model tested in 
this study, R705*R705/R490. The good coeffi-
cient of correlation and the low NRMSE = 10.9 %, 
show that the algorithm used delivers very good 
matching results for the studied water body.

Regarding studies carried out specifically at 
Mar Menor, using Landsat satellite images Erena 
et al. (2019) obtained the best correlation index 
combining green and red bands

with R2 = 0.775, but this model tested in this 
study obtained R2 = 0.542. 

The wavelength range between 700 to 900 nm 
can be used to get information about a wide range 
of turbidity levels, because it responds to distinct 
different reflectance values corresponding to dif-
ferent turbidity values, exhibiting an increase 
with increasing turbidity (Bhargava & Mariam, 
1990). An example is the study by Al-fahdawi et 
al. (2015) for monitoring of water quality in Lake 
Habbaniyah (Iraq). It was found that Landsat 8 
satellite near infrared band (NIR, 850-880 nm) 
was the highest correlation with turbidity (5–51 
NTU) during winter season with R2 = 0.790. This 
band is present, in our case, in 2 of the 5 best indi-
ces for turbidity estimating. This particular band 
(859 nm) was studied by Dogliotti et al. (2015) 
in coastal waters, concluding that it could be 
used to retrieve turbidity from water reflectance 
for values since 15 up to 1000 NTU, while for 
values under 15 NTU it is better to use the band 
645 nm, according to Petus et al. (2010) showing 
that MODIS band 859 nm is not sensitive enough 
to detect turbidity variations between 0.01 and 
10 FNU. For this reason, in our case Mar Menor 
limnological characteristics have a leaving water 
reflectance spectra where the red-edge bands are 
best correlated with this turbidity range. Further-
more, the band 490 nm is also used in our best 

Figure 5.  Thematic maps of Mar Menor, August 14, 2019. [Chl-a] (mg/m3) map obtained with equation 1 (on the left) and turbidity 
(NTU) map obtained with equation 3 (on the right). Mapa del Mar Menor del 14 de agosto, 2019. Mapa de [Chl-a] (mg/m3) obtenido 
con la ecuación 1(a la izquierda) y el mapa de turbidez (NTU) obtenido con la ecuación 3 (a la derecha).

( )− ( )
( )+ ( )
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band combinations. This is related with the dif-
fuse attenuation coefficient of seawater at 490 nm 
(Mueller, 2000) and so is used by Delegido et al. 
(2019) to estimate Secchi disc depth (SD), which 
is directly related with the turbidity.

Thematic maps

During September 2019 there were heavy torren-
tial rains in the region near Mar Menor. In order 
to analyze whether the methodology developed in 
this work is capable of observing both the spatial 
distribution of water quality and the modification 
of studied variables after these torrential rains, 
maps of [Chl-a] and turbidity were produced 
before and after rains. The maps generated from 
Sentinel-2 image of August 14, 2019, with equa-
tion (1) for [Chl-a] and equation (3) for turbidity 
are shown in figure 5, where shoreline results are 
affected by bottom reflectance. That month had 
an average rainfall of 14 L/m2 at Murcia region 
(AEMET, 2020). The [Chl-a] map shows concen-
trations ranging from 1.2 to 4 mg/m3 and a dark 
blue zone can be seen in the south-west with 
low [Chl-a] values, corresponding to the water 
entry through Miedo and Miranda brooks (Fig. 
6), which are entry points for water from agricul-
ture and rainfall. The turbidity map shows high 
turbidity values in this area, which may indicate 
that incoming water is rich in suspension particles 
but not in phytoplankton. Near the shores of the 
lagoon and the edges of the two islands located 
at the center, the maximum [Chl-a] and turbidi-
ty concentrations are found (see red color in the 
maps), partly due to shallow depth of the lagoon 
near the shore sides. On the other hand, the turbid-
ity map shows a well-distinguished red area close 
to the Albujón, Miranda, Miedo, Matildes and 
Beal brooks (Fig. 6) with turbidity values higher 
than 2.5 NTU or more, whose sediment, advanc-
ing into the lagoon, forms a turbidity pen.

To show the map values distribution of figure 
5, histograms (number of pixels of each value on 
the map) for both images have been represent-
ed in figure 7. The histogram on the left shows 
[Chl-a] concentrations between 0 and 5 mg/m3 
predominating a mean of 4.2 mg/m3 and standard 
deviation (sigma) of 5.3 mg/m3. Values between 1 
and 3 NTU are predominant in the turbidity map, 

as can be seen in the right histogram of figure 7, 
with a mean across the lagoon of 2.2 NTU and a 
sigma of 1.5 NTU.

[Chl-a] and turbidity maps from Sentinel-2 
image corresponding to September 18, 2019 are 
shown in figure 8. This was the first date with a 
Sentinel-2 acquisition after the torrential rains 
that occurred on September 11 to 15 in Murcia 
region, with a precipitation greater than 200 L/m2 
(AEMET, 2020), whose consequences can be 
seen at Mar Menor. A color map (RGB composi-
tion) showing the presence of clouds is in figure 
8A. In order to perform a statistical analysis, it 
is necessary to remove the clouds by means of a 
cloud mask developed using the band 10 of Sen-
tinel-2, as shown in figure 8B.

By comparing the [Chl-a] map (Fig. 8C) after 
the torrential rains with the [Chl-a] concentration 
map before the rains (Fig. 5, August 2019), it can 
be observed that [Chl-a] has increased considera-
bly from an average of 4.2 mg/m3 before the rain 
event to values between 20 and 32 mg/m3 (Fig. 
9) with an average of 22.7 mg/m3 and a sigma of  
6.6 mg/m3 after this event.

Similarly, in figure 8D the Mar Menor turbid-
ity map obtained with equation 3 is shown, ob-

Figure 6.  Location of brook inflows into Mar Menor (Sanchez, 
2019). Localización de las ramblas en el Mar Menor.
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Figure 7.  Histogram of [Chl-a] (left) and turbidity (right) corresponding to maps, August 14, 2019. Histograma de la [Chl-a] (izqui-
erda) y la turbidez (derecha) de los mapas correspondientes al 14 de agosto de 2019.

Figure 8.  RGB and [Chl-a] maps obtained with equation 1 (above). Cloud mask and turbidity map obtained with equation 3 (below). 
Date at September 18, 2019. Mapas de RGB y [Chl-a] obtenidos con la ecuación 1(arriba). Mapas de la máscara de nubes y turbidez 
obtenidos con la ecuación 3 (abajo). Fecha del 18 de septiembre de 2019.
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serving that the turbidity also increased after the 
torrential rains, changing from an average of 2.2 
NTU before the rains to a mean turbidity of 8.4 
NTU and a sigma of 2.5 NTU after this event. It 
was observed that at central-west part of the la-
goon, corresponding to the brook’s inflow of Al-
bujón and Miranda (Fig. 6), there is a patch with 
values around 9.1 NTU (in green on the map), as 
a consequence of the dragging of sediments and 
residues caused by heavy rains (Velasco et al., 
2006). This phenomenon also occurs in a large 
part of the western shores, where there is high 
turbidity, appreciating how it decreases when the 
water flow from the brooks advances into the la-
goon (sediment plumes formation).

CONCLUSIONS

In this work, Sentinel-2 reflectances were sub-
jected to a regression analysis against Mar Menor 
database of in situ measurements, to obtain a set 
of [Chl-a] and turbidity models.

The automatic product to estimate [Chl-a], gen-
erated by SNAP with the C2X processor has been 
validated with field data and we have found that it 
obtains good results with an RMSE = 3.9 mg/m3 
and NRMSE = 10.48 %. Moreover, calibration 
models with field [Chl-a] data show that the best 
spectral index is (R560+R705)/(R560+R665) 
with linear fit and R2  = 0.82, RMSE = 2.6 mg/m3 

and NRMSE = 9.06 %, which slightly improves 
the results of the automatic product.

On the other hand, for turbidity with the 
R705*R705/R490 combination, was obtained the 
best correlation, with a linear model of R2 = 0.73 
and RMSE = 1.5 NTU and NRMSE = 10.9 %. 

Both relationships allow us to generate the-
matic maps in which the spatial distribution of 
both variables are represented and serves to iden-
tify the impact of the water entering into the la-
goon, such as the increase in [Chl-a] and turbidity 
after torrential rains.

These results indicated the capacity of this 
method to monitor Mar Menor water quality 
variables [Chl-a] and turbidity. It could be used 
to carry out spatial and temporal monitoring of 
the lagoon as well as an early warning system to 
prevent and avoid environmental disasters. It is 
also important and necessary to take in situ data 
to increase the database, carry out periodic model 
checks, and recalibrate the model in the event of 
changes in the trophic state.
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