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Abstract: During recent years, several eutrophication processes and subsequent environmental cri-
ses have occurred in Mar Menor, the largest hypersaline coastal lagoon in the Western Mediterra-
nean Sea. In this study, the Landsat-8 and Sentinel-2 satellites are jointly used to examine the evo-
lution of the main water quality descriptors during the latest ecological crisis in 2021, resulting in
an important loss of benthic vegetation and unusual mortality events affecting different aquatic
species. Several field campaigns were carried out in March, July, August, and November 2021 to
measure water quality variables over 10 control points. The validation of satellite biogeochemical
variables against on-site measurements indicates precise results of the water quality algorithms with
median errors of 0.41 mg/m?® and 2.04 FNU for chlorophyll-a and turbidity, respectively. The satellite
preprocessing scheme shows consistent performance for both satellites; therefore, using them in
tandem can improve mapping strategies. The findings demonstrate the suitability of the methodol-
ogy to capture the spatiotemporal distribution of turbidity and chlorophyll-a concentration at 10—
30 m spatial resolution on a systematic basis and in a cost-effective way. The multitemporal prod-
ucts allow the identification of the main critical areas close to the mouth of the Albujon watercourse
and the beginning of the eutrophication process with chlorophyll-a concentration above 3 mg/m3.
These innovative tools can support decision makers in improving current monitoring strategies as
early warning systems for timely assistance during these ecological disasters, thus preventing det-
rimental conditions in the lagoon.

Keywords: remote sensing; Copernicus programme; eutrophication; turbidity; chlorophyll-a;
coastal monitoring

1. Introduction

Coastal lagoons, as transitional environments between land and sea, occupy 14% of
the world’s coastlines [1]. Due to their shallow waters, morphology, trophic status, and
physicochemical processes in a semienclosed system, they are considered one of the most
productive habitats on Earth [2,3]. These areas play a significant conservational, ecologi-
cal, and protective role and are home to an important part of global biodiversity [4]. They
underpin human livelihoods, well-being, and welfare and provide several ecosystem ser-
vices, including tourism, fisheries, aquaculture, and industrial, recreational or naviga-
tional activities. Coastal lagoons are subject to diverse transformations and uncoordinated
management plans by different agencies and stakeholders from the local to national scale,
which might, in some cases, degrade their ecological values. A wide range of anthropo-
genic activities such as urbanization, agriculture, aquaculture or industry use a variety of
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organic substances and pollutants, which can reach semienclosed bays, inland waters, and
lagoons [5]. Considering that these environments are extremely sensitive and vulnerable,
they usually show signs of deterioration, pollution, biodiversity loss, alteration of their
ecological functioning, and limited ecosystem services [6]. Habitat destruction, water
withdrawal, overexploitation, and chemical and biological pollution, such as invasive spe-
cies, are the main causes of their deterioration, making them one of the most threatened
ecosystems in the world [7]. The conservation of coastal lagoons is crucial for their eco-
logical value and the significant number of services they provide [8]. Furthermore, in the
context of climate change, coastal lagoons are sentinel systems with an essential role in
controlling the fluxes of water, organisms, and nutrients between land, rivers, and oceans,
as well as eutrophication and pollution processes [8,9]. Therefore, there is an urgent need
to advance monitoring, mapping, and management tools in order to improve the
knowledge of these strategic systems, prevent their environmental degradation, and in-
crease their future protection [10].

This is the case of Mar Menor, the largest hypersaline lagoon in the Western Medi-
terranean Sea (Figure 1) and one of the most iconic and emblematic natural areas in Spain
due to its significance in terms of habitats and species, its ecological value, and the unique-
ness of its ecosystem. Mar Menor, its surrounding wetlands, and natural areas, are of vital
natural importance and a protected landscape as a Wildlife Protection Area, Natura 2000
network, Wetland of International Importance (RAMSAR Convention), and a Regional
Park. Moreover, the area is a key component of the regional economy, development, and
policy plans due to the variety of uses and human activities developed there. The lagoon,
with a maximum depth of 6.5 m and a surface area of 135 km?, presents a long sand bar
called “La Manga” acting as a barrier between the Mediterranean Sea and the lagoon, only
connected through five shallow inlets called “golas” [11]. The lagoon is close to the Campo
de Cartagena region, one of the most intensive agricultural areas in Europe. Several
ephemeral wadis drain into the western part of the lagoon, transporting nutrient-enriched
waters from agricultural runoff after rainy periods, the Albujon watercourse (Figure 1)
being the main collector of the Campo de Cartagena drainage basin and the only perma-
nent wadi flowing into the lagoon [11-16]. Therefore, most of the discharges are located
in the southern half of the lagoon where the Albujon watercourse maintains a regular flux
of water, albeit depending on the torrential and sporadic rainfall regime, as occurred in
September 2019 during one of the most extreme storms, known as the “Cold Drop” [13].

Nowadays, this ecosystem is a cause for international concern due to the drastic mod-
ifications of its natural and physical status caused by anthropogenic activities. The main
impacts causing acute degradation of Mar Menor are those from mining, agriculture, tour-
ism, and urban development [11,14]. The land-use modifications that occurred in the wa-
tershed during the 1980s and 1990s with relation to agriculture, from dry land to inten-
sively irrigated vegetable crops (Figure 2), have produced a severe excess of nutrients and
fertilizers draining into the lagoon from the freshwater discharge [11], which clearly affect
the environmental health of the lagoon (Corine Land Cover datasets, https://centrod-
edescargas.cnig.es/CentroDescargas/; accessed on 1 January 2022). The current problems
affecting the lagoon are increased turbidity and chlorophyll-a, resulting in an acute eu-
trophication process, silting, a general loss of sediment and seawater quality, and the de-
terioration of submerged seagrass and animal communities. The degradation of the
coastal lagoon has also influenced conventional fishing that has been carried out in the
lagoon since ancient times [17].
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Figure 1. Location of the Mar Menor coastal lagoon on the southeastern coast of Spain and Senti-
nel-2 image captured on 21 March 2021 indicating the final transect of the Albujon watercourse
flowing into the lagoon.
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Figure 2. Land cover classification for the Mar Menor lagoon and its surroundings according to
Corine Land Cover datasets (https://centrodedescargas.cnig.es/CentroDescargas/; accessed on 1
January 2022) for 1990 and 2018.

The effects of these massive contributions of nutrients in the lagoon ecosystem have
been cushioned by its elements that, for decades, have acted as mechanisms of homeosta-
sis and resilience, preventing an excess of nutrients from being available to opportunistic
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phytoplankton organisms. However, despite the capacity of Mar Menor to resist the ef-
fects of elevated nutrient concentration, a succession of catastrophic events have occurred
(Figure 3a—c) since 2016 [18-20]. In August 2021, the latest environmental crisis caused
alarm and considerable concern and was considered worse than previous eutrophication
events. The excess of nutrients and organic matter caused anoxia in the deep layer and
massive mortality of benthic flora and fauna during several weeks (Figure 3d), causing an
impact on public opinion at the local, national, and international level. Images of dying
wildlife traumatized citizens and occupied the public agenda, raising questions about the
cause of this ecological disaster that keeps getting worse year after year. The Spanish In-
stitute of Oceanography (IEO-CSIC) highlighted the main cause as pollution and the entry
of fertilizers and nutrients into the lagoon from intensive agriculture and other human
activities, causing the aquatic ecosystem to collapse [21]. This has led to a clear transfor-
mation in the regime of the lagoon, from an apparently stable state (with frequent symp-
toms of eutrophication in recent decades) to an altered and highly unstable state, much
more vulnerable to changes in the environment, especially extreme weather events, which
are clearly more intense and frequent as a result of global climate change [22]. In fact, in
recent years, it has been observed that when the chlorophyll-a values in the lagoon exceed
3 mg/m3, a process of eutrophication occurs immediately [21]. Several administrations and
public authorities responsible for managing the lagoon have been developing initiatives
in an attempt to solve the problem. The regional government maintains an open-access
network with a few constant sampling sites and field-based campaigns for monitoring
variables related to water quality, such as water clarity, turbidity or chlorophyll-a, an in-
dicator of phytoplankton biomass in seawater, temperature, salinity, and dissolved oxy-
gen [23]. However, sound management and deterioration control need improved charac-
terization of the spatial variability and distribution of the water quality, in particular in
the western area of Mar Menor, where the Albujon watercourse flows into the lagoon.
This information remains key not only for long-term monitoring but also for quick emer-
gency response as an early warning system.
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Figure 3. (a) Sentinel-2 scene in Mar Menor after the extreme weather event known as the “Cold
Drop” and the catastrophic flooding on 13 September 2019; (b) surface of the water in the lagoon in
July 2016 during the environmental crisis; (c) typical resuspension of sediments and increased tur-
bidity during strong winds; (d) latest environmental catastrophe with massive dead fish and crus-
tacean in August 2021 (authorship: Greenpeace); and (e) field campaign carried out in the lagoon in
March 2021.

This study examined the evolution of the main biogeochemical parameters of the
seawater quality in the coastal lagoon using the Landsat-8 and Sentinel-2 satellite missions
in tandem, both with high spatial resolution. Remote sensing technologies can advance
current management and monitoring strategies providing synoptic information of the la-
goon, as well as provide insights into past, present, and future eutrophication events, in
particular during the severe environmental crisis that occurred in summer 2021. Although
ocean color sensors provide a distinct picture of the seawater bio-optical status across sev-
eral scales not achievable with traditional in situ surveying techniques, application in
coastal lagoon biogeochemical monitoring is challenging. In this sense, there are studies
that focus on mapping water quality, phytoplankton blooms, and eutrophication events
in Mar Menor with traditional ocean color sensors at the moderate spatial resolution of
300-1000 m [24-26]. RGB composite images on 3 August 2021 of the Sentinel-3 satellite
(300 m spatial resolution), Landsat-8 satellite (30 m spatial resolution), and Sentinel-2 sat-
ellite (10 m spatial resolution) are shown in Figure 4. Sentinel-3 is the ocean color mission
developed by the European Union’s Copernicus programme to support ocean forecasting
systems, environmental and climate monitoring with high accuracy and reliability. How-
ever, this example highlights that the moderate spatial resolution of Sentinel-3 might not
be adequate in complex coastal areas, such as Mar Menor. In recent years, some studies
suggested that in order to appropriately determine the ecological conditions of complex
inland or coastal water areas by means of remote sensing tools, improved temporal and
spatial capabilities are required [27-32], in particular in Mar Menor [13,33-35]. Conceived
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in the first instance to monitor land cover, the notably enhanced spectral and spatial res-
olution and minor footprint of both Landsat-8 and Sentinel-2 platforms provide the op-
portunity to evaluate terrestrial-aquatic interfaces and their dynamic spatial heterogene-
ity at local, regional, or global scales [36,37].
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Figure 4. RGB (Red—Green-Blue) composite image on 3 August 2021 of (a) Sentinel-3 satellite (300
m spatial resolution), (b) Landsat-8 satellite (30 m spatial resolution), and (c) Sentinel-2 satellite (10
m spatial resolution).

The main aims of this study are: (1) to use a consistent atmospheric and sunglint
correction strategy with Landsat-8 and Sentinel-2 imagery in Mar Menor; (2) to validate
the satellite-derived chlorophyll-a and turbidity retrievals with in situ data; (3) to detect
the spatiotemporal fluctuations of the biogeochemical parameters during the study period
with the multisensor approach; and (4) to evaluate and identify the critical zones in the
context of the most recent ecological catastrophe in 2021. This combined information can
allow enhanced temporal mapping and predictability of the water mass degradation as
an early warning system. Remote sensing technology has large-area and real-time ad-
vantages in promoting the monitoring and forecasting of coastal disasters, providing in-
formation about when and where the chlorophyll-a values in the lagoon exceed 3 mg/m?
[21]. These tools can be applied in parallel to regular on-site sampling campaigns in order
to reduce the detrimental effects of high levels of phytoplankton, algae, and turbidity on
the vulnerable lagoon system and to continuously calibrate/validate the different water
quality algorithms for more reliable results.

2. Materials and Methods
2.1. Satellite Imagery

The Sentinel-2A/B twin mission was used for mapping the lagoon thanks to the open
data access policy and high spatial resolution (10-20-60 m). The European Commission
and the European Space Agency (ESA), in the frame of the Copernicus programme, de-
veloped this optical constellation in order to support its operational requirements. Senti-
nel-2 is a multispectral, wide-swath imaging platform used for monitoring land surfaces,
water coverage, soil, and vegetation. In addition, it can also support Copernicus water
monitoring over coastal regions and inland waterways. The Sentinel-2A and Sentinel-2B
mission, with a global revisit frequency of five days at the Equator, is based on a constel-
lation of two operationally identical satellites in the same orbit and phased at 180° to each
other. The ESA User Handbook describes the temporal, spectral, spatial, and radiometric
features of the visible and near-infrared (NIR) bands of both Sentinel-2A and -2B satellites
[38]. The stated quality standards for absolute geolocation of the Sentinel-2 scenes (two
pixels, 20 m) are within the ESA requirements [39]. The images covering Mar Menor (zone
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30 and tile SXG; acquisition time 11:00 UTC) during the study period in 2021 were down-
loaded from the ONDA DIAS (https://www.onda-dias.eu/cms/es/; accessed on 20 May
2021). These products are the top-of-atmosphere (TOA) datasets at Level-1C (L1C) after
the radiometric and geometric corrections.

In addition, the freely available Landsat-8 visible and NIR spectra imagery from the
United States Geological Survey (USGS) and the National Aeronautics and Space Admin-
istration (NASA) were also used for comprehensive monitoring. We downloaded the
Level 1 data from the Earth Explorer (https://earthexplorer.usgs.gov/), orthorectified and
terrain corrected at a 30 m spatial resolution, with a 16-day revisit frequency [40,41]. The
region of interest was covered by the tiles located in paths 198-199 and row 34 (acquisition
time 10:30-10:45 UTC). A low cloud coverage (<40%) filtering was applied over Mar
Menor for further analysis of the scenes. When Sentinel-2 and Landsat-8 products are
combined, the average revisit time in Mar Menor is ~4 days. From the control period be-
fore and after the 2021 crisis, 48 images were downloaded and processed (29 and 19 im-
ages for Sentinel-2 and Landsat-8, respectively). However, clouds and severe sunglint
contamination diminished the number of usable images, with only 18 final scenes further
evaluated (12 and 6 images for Sentinel-2 and Landsat-8, respectively) to characterize the
spatial and temporal distribution of water quality. Table 1 shows the acquisition dates and
the quality of the scenes.

Table 1. List of imagery used in this study during the latest ecological crisis in 2021 corresponding
to the Sentinel-2 and Landsat-8 satellites.

Sentinel-2A/B Landsat-8
N;IQT- Month Day Observations Number Month Day Observations
1 May 5 Severe sunglint 1 May 6  Severe sunglint
2 May 15 Severe sunglint 2 May 15  Severe sunglint
3 May 20 Clouds 3 May 22 Clouds
4 May 25 Clouds 4 May 31 Clouds
5 May 30 Clouds 5 June 7 Severe sunglint
6 June 4 Clouds 6 June 16 Clouds
7 June 9 Severe sunglint 7 June 23  Severe sunglint
8 June 14 Severe sunglint 8 July 2 Good quality
9 June 19 Clouds 9 July 9 Clouds
10 June 24 Clouds 10 July 18 Good quality
11 June 29 Clouds 11 July 25 Clouds
12 July 4 Severesunglint 12 August 3 Good quality
13 July 9 Clouds 13 August 10 Clouds
14 July 14 Severe sunglint 14 August 19 Clouds
15 July 19 Clouds 15 August 26 Sunglint
16 July 24 Severesunglint 16  September 4 Clouds
17 July 29 Clouds 17 September 11 Good quality
18 August 3 Good quality 18  September 20 Clouds
19 August 8 Clouds 19  September 27 Clouds
20 August 13 Good quality
21 August 18 Good quality
22 August 23 Clouds
23 August 28 Clouds
24  September 2 Clouds
25  September 7 Clouds
26 September 12 Good quality
27  September 17 Good quality
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28  September 22 Clouds
29  September 27 Clouds

Bottom-of-atmosphere (BOA) Level-2A products were generated with one of the
most commonly used atmospheric correction softwares (ACOLITE, version 20210114.0),
which supports preprocessing of Landsat-8 and Sentinel-2 satellites. This software incor-
porates an image-based model, without the need for in situ atmospheric datasets. The
Royal Belgian Institute of Natural Sciences (RBINS) developed this free toolbox to correct
Level-1 to Level-2 data products over marine, inland, and coastal waters [42]. The Dark
Spectrum Fitting (DSF) atmospheric correction algorithm was applied [43,44]. The notably
enhanced spectral resolution of Landsat-8 and, in particular, Sentinel-2 satellites, are key
to obtain good-quality products by means of the DSF model [44]. Correction of the sun-
glint over the surface reflectance was performed by means of the additional image-based
sunglint correction, since during the study period acute sunglint effects were observed at
these latitudes (specific setting parameters: dsf_path_reflectance = tiled,
12w_mask_threshold = 0.05). The remote sensing reflectance (Rrs, sr) products along the
visible and NIR spectrum were calculated after resampling to 10 m and 30 m pixel size for
Sentinel-2 and Landsat-8, respectively.

The standard products to monitor the biogeochemical conditions in Mar Menor dur-
ing the ecological crisis with Sentinel-2 and Landsat-8 satellites were seawater turbidity
(ENU) and chlorophyll-a (chl-a, mg/m?). We selected both indicators as required by the
EU Water Framework Directive (WFD) for the evaluation of the good ecological status of
the coastal lagoon. The Nechad et al. semianalytical algorithm (red band, Rrs 665 nm) was
applied to estimate turbidity with both satellites [45]. This model has already been vali-
dated in different environments [46-48] and was previously used in Mar Menor during
an extreme weather event in September 2019 [13]. These semianalytical algorithms allow
a more global performance since they are based on the inherent optical properties of the
seawater. The commonly used OC3 algorithm was applied to calculate the concentration
of seawater chl-a [49]. The standard masking procedures were accomplished, eliminating
clouds, cloud shadows, land, and the low performance of the sunglint and atmospheric
corrections. Turbidity and chl-a maps were at 30 m and 10 m spatial resolution for Land-
sat-8 and Sentinel-2, respectively, with the generation of the final products after 3-4 h
following image acquisition for each sensor.

2.2. In Situ Data

Four sampling cruises were carried out during 2021 (March, July, August, and No-
vember), where seawater was collected at 10 points homogeneously distributed in the Mar
Menor lagoon (Figure 5). The dates of the in situ campaigns during the study period cor-
responded to 23-24 March, 27 July, 26 August, and 16-17 November 2021. Matchups be-
tween in situ and satellite samples were generated when both data acquisitions occurred
within 30 h of each other, and the satellite value was calculated as the mean of the 3x3 10
m pixel region around the sampling station.

In order to determine turbidity, samples were measured just after collection onboard
using a portable turbidimeter (2100P, Hach). Prior to calibration, we ensured that the
equipment did not suffer anomalies and that the necessary reagents were available. Cali-
bration was performed quarterly, unless the equipment was malfunctioning. The turbi-
dimeter was calibrated at 4 points: 0 NTU, 10 NTU, 200 NTU, and 800 NTU. The standards
used in the calibration were certified commercial standards at room temperature in order
to avoid misting interferences in the turbidity measurement. The turbidimeter was cali-
brated according to the equipment manual.

In the case of chl-a, water was collected from a 0.5 m depth in 1 L dark bottles to
avoid enhanced photosynthetic activity and kept in a portable fridge until arrival at the
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laboratory. Three replicates per station were collected. Chl-a concentrations were meas-
ured in 700-1000 mL water samples for each replicate, which were filtered through What-
man GF/F 0.2 um polycarbonate filters. The filters were immediately frozen at —20 °C until
pigment extraction in 90% acetone at 4 °C overnight in the dark. Chl-a concentrations were
determined with a 10-AU Turner Designs fluorometer calibrated with pure chl-a [50].
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Figure 5. Control points for data collection during the four in situ campaigns carried out in March,
July, August, and November 2021.

3. Results and Discussion
3.1. Multisensor Approach and Preprocessing

Until now, standard ocean color sensors at the moderate spatial resolution of 300
1000 m were generally used to map water quality, phytoplankton blooms, and eutrophi-
cation events in Mar Menor [25,26]. However, features in the lagoon show typical scales
of tens of meters that cannot be detected with existing ocean color sensors (Figure 4). In
recent years, several studies already demonstrated that, in order to comprehensively eval-
uate the ecological conditions of heterogeneous coastal areas and land-water inputs using
remote sensing technologies, improved spatial resolution should be used with Landsat-8
and/or Sentinel-2 [28,30,31,51]. Undoubtedly, the Sentinel-2 twin mission, although origi-
nally not designed for coastal ocean monitoring, is a key tool for the detailed mapping of
highly dynamic environments, such as coastal or inland water areas [52].

During the study period, in particular during summer, acute sunglint contamination
also influenced the quality of the imagery over Mar Menor due to the specular reflection
of sunlight off the water (see Table 1 for details). Figure 6 shows two images on 9 June
2021 and 4 July 2021 at the top-of-atmosphere (TOA) level, after ACOLITE processing at
the bottom-of-atmosphere (BOA) level, and the Rrs of the blue band (492 nm). Accurate
performance was accomplished by ACOLITE over low to moderate sunglint conditions,
such as on 9 June 2021 (Figure 6a—c), but failed to retrieve Rrs during severe sunglint con-
tamination on 4 July 2021 (Figure 6d—f), thus masking the data. The sunglint is clearly
observed at TOA-Level-1C (Figure 6a,d), whereas the residuals are visible at BOA-Level2
(Figure 6e) with intense effects on the eastern area of the Sentinel-2 tile, exactly where Mar
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Menor is located. This effect is significant during spring and summer, given that mini-
mum information could be retrieved with severe sunglint, restricting the amount of avail-
able data when the majority of the blooms occurred. Comparable results were generated
in other coastal regions, such as in North Atlantic [53] or Caribbean waters [54]. Irregular
residual issues still require further advancements in the sunglint and atmospheric correc-
tion approaches to facilitate the extensive combination of Landsat-8 and Sentinel-2 prod-
ucts during summer. In addition, the typical stripping patterns are clearly observed at
both TOA and BOA levels.
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Figure 6. RGB (Red-Green—Blue) composite image on 9 June 2021 from the Sentinel-2 satellite (10 m
spatial resolution) at (a) top-of-atmosphere (TOA) level, (b) bottom-of-atmosphere (BOA) level after
ACOLITE, and (c) remote sensing reflectance (Rrs, sr!) of the blue band (492 nm); (d—f) the same on
4 July 2021. Severe sunglint contamination can be clearly observed in the eastern section of the Sen-
tinel-2 tile affecting Mar Menor.

On 3 August 2021, Landsat-8 and Sentinel-2 acquired a scene at 10:45 am and 11:00
am GMT, respectively. Figure 7 shows the spectral signal of both satellites with only a 15
min time difference over three control points distributed across different areas of the la-
goon. This exhibits the consistent performance of ACOLITE for both satellite missions,
retrieving the spectrum with similar Rrs values for each point and sensor (P1, turbidity of
18.11 and 17.28 FNU; P2, turbidity of 5.5 and 6.1 FNU; and P3, turbidity of 4.08 and 3.93
FNU for Sentinel-2 and Landsat-8, respectively), thus further corroborating the remarka-
ble value of the combined products. Comparison of Sentinel-2 and Landsat-8 Rrs over the
visible and NIR bands yielded a bias of -0.00035 sr-!, MAE of 0.00072 sr~!, and MedAE of
0.00049 sr'. Consistent sunglint and atmospheric correction models are needed to em-
power the application community to explore these products in order to thoroughly ad-
dress the ecological conditions of Mar Menor using remote sensing technologies. Recent
research already demonstrated the potential of ACOLITE to provide robust information
for aquatic and marine applications [30,43,44,54]. A study applied Sentinel-2 data to mon-
itor water quality in Mar Menor using the Sen2Cor atmospheric correction processor (des-
ignated for land application with restricted performance in water application) and to gen-
erate products at 60 m spatial resolution [35]. However, Pahlevan et al. (2019, 2021) sug-
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gested that enhanced information for inland and coastal water quality mapping is re-
quired as a critical and urgent task to evaluate spatial and spectral differences under sev-
eral atmospheric and aquatic conditions [28,55]. This data record is crucial to ensuring a
detailed monitoring of the Mar Menor coastal lagoon with both satellite platforms work-
ing in tandem.

0.03

b Bias=-0.00035 sr! m———
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MedAE=0.00049 sr! ——Landsat-8 P2
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Figure 7. (a) RGB (Red-Green-Blue) composite image on 3 August 2021 of the Sentinel-2 satellite at
bottom-of-atmosphere (BOA) level, (b) spectral signal of the Sentinel-2 and Landsat-8 satellites over
different control points (P1, turbidity of 18.11 and 17.28 FNU; P2, turbidity of 5.5 and 6.1 FNU; and
P3, turbidity of 4.08 and 3.93 FNU for Sentinel-2 and Landsat-8, respectively). Yellow circles in (a)
indicate the location of the control pixels.

3.2. Validation of the Water Quality Algorithms

Figure 8 shows the validation matchups for the water quality parameters obtained
with Sentinel-2 and Landsat-8 during the four in situ campaigns carried out in 2021. We
applied the standard OC3 algorithm to calculate chl-a concentration and a regularly used
semianalytical algorithm for the determination of turbidity [44,45]. The performance of
both algorithms is illustrated in Figure 8a and Figure 8b, respectively. The chl-a matchups
cover the range of 0.5-5 mg/m3 with a bias of 0.37 mg/m3, MAE of 0.43 mg/m3, and Med AE
of 0.41 mg/m?3 (R2=0.903, n = 37), whereas the turbidity ranges from 0.5-6 FNU with a bias
of 2.09 FNU, MAE of 2.09 FNU, and MedAE of 2.04 FNU (R?=0.54, n = 35). The validation
assessment indicated robust statistical analysis, with accurate chl-a retrieval and mini-
mum bias. Predictions of chl-a from both Sentinel-2 and Landsat-8 yielded precise results
after the ACOLITE atmospheric and sunglint correction. The performance of the ACO-
LITE and the turbidity model is accurate, but a general satellite overestimation was en-
countered with biased outcomes, as seen in Figure 8b. Pahlevan et al. (2022) also found
overestimation of turbidity retrievals by means of the ACOLITE processor [56]. The tur-
bidity model has already been validated in different regions worldwide with accurate
performance [46-48,57] and has previously been used in Mar Menor during an extreme
weather event [13]. These methodologies are consistent and valid approaches for the as-
sessment of suspended material or turbidity, which contribute towards achieving more
precise performance worldwide [45,58].
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Figure 8. Validation of water quality parameters obtained with Sentinel-2 (52) and Landsat-8 (L8)
during the four in situ campaigns carried out in March, July, August, and November 2021 for (a)
chlorophyll-a concentration (chl-a, mg/m?) and (b) turbidity (FNU).

3.3. Water Quality Monitoring

Figure 9 shows the RGB composite scenes acquired on 9 and 24 June and 2, 14, 18,
and 29 July 2021, whereas Figure 10 and Figure 11 display the image-derived maps for
turbidity and chl-a, respectively. The imagery corresponded to the months prior to the
ecological crisis in mid-August 2021. Generally, the turbidity levels were low in the lagoon
(<5 ENU), except in the western section on 24 June and 14 July 2021, indicating higher
levels (~25 FNU). A turbid plume appeared near land where the Albujon watercourse
flows into Mar Menor. The most common chl-a condition during this period was <1.5
mg/m? while higher chl-a concentration (~2.5 mg/m?) was observed close to the turbid
plume. Figures S1 and S2 indicate the available (cloud and sunglint-free) Sentinel-2 scenes
in August 2021 for further evaluation. On 3 August, a turbid plume was observed in the
western section close to the input of the Albujon watercourse with peaked levels ~20 FNU,
whereas minimum turbidity was encountered in the rest of the lagoon. The chl-a concen-
tration for this date seemed to increase in the western section, indicating maximum values
within the lagoon. The turbidity maps depicted high and constant turbidity values ~20
FNU in August 2021, except a slight decrease on 18 August 2021 on the western side (Fig-
ure 52). Moreover, chl-a maps displayed higher concentrations compared with July and
the beginning of the bloom during this month, in particular on 13 August 2021 with chl-a
ranging from 4 to 9 mg/m?, a strong indicator of algal blooms in Mar Menor. Clear-water
lagoon phases are characterized by chl-a concentrations ranging from 1 to 3 mg/m? [59],
as occurred during June and July 2021. However, these typical low chl-a values tipped
rapidly towards more eutrophic conditions, with chl-a concentration higher than 3 mg/m?,
such as last year’s [18,19,21,60]. We reported that using the multisensor approach during
the eutrophication episode in 2021, the beginning of the bloom (chl-a concentration higher
than 3 mg/m?) was detected mainly in the western and southern section. This is critical
information for early detection of the eutrophication processes, given that the massive
mortality of fish and crustaceans occurred during the last weeks of August 2021 [21], as
well as an opportunity to enhance emergency management response in early deterioration
stages.
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Figure 9. Sentinel-2 and Landsat-8 RGB (Red—Green-Blue) composite image acquired on (a) 9 June
2021, (b) 24 June 2021, (c) 2 July 2021, (d) 14 July 2021, (e) 18 July 2021, and (f) 29 July 2021.
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Figure 10. Turbidity (FNU) from Sentinel-2 and Landsat-8 acquired on (a) 9 June 2021, (b) 24 June
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Figure 11. Chlorophyll-a concentration (Chl-a, mg/m?®) from Sentinel-2 and Landsat-8 acquired on
(a) 9 June 2021, (b) 24 June 2021, (c) 2 July 2021, (d) 14 July 2021, (e) 18 July 2021, and (f) 29 July 2021.
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After this event, the ecosystem equilibrium recovered slightly during September 2021
(Figure S3) as can be observed in the decrease in turbidity retrievals on the western side
(Figures 54). However, the Albujon continued to discharge to the western section of the
lagoon, indicating increased surface runoff and rising turbidity levels, and a plume was
always close to this area. In addition, chl-a concentration gradually reached normal values
< 3 mg/m? in some areas in September 2021, although on 7 and 12 September 2021 high
chl-a concentrations of ~4-5 mg/m? persisted not only in the center and south but also in
the northern and eastern sections of the lagoon (Figure S5). A minor “Cold Drop” occurred
on 20-21 September 2021, but the cloud and haze coverage remained very high during the
consecutive days, as can be observed on 22 and 27 September 2021.

Time-consuming and costly on-site measurements are regularly carried out to deter-
mine the water quality status in the lagoon; nevertheless, these observations are not able
to address the heterogeneity and complexity of the spatial distribution within Mar Menor.
In fact, in situ data might lack samples from the peak of the bloom or high turbidity levels
due to the sparsely distributed single sampling sites. Field campaigns may not have ade-
quately retrieved maximum concentration in chl-a if in situ measurements were not cor-
rectly spotted in Mar Menor [35]. The combined satellite data series characterized the dy-
namic nearshore patterns and fine-scale bio-optical gradients across this complex coastal
interface. Satellite maps offered a synoptic perspective of the entire lagoon, detecting
higher and lower turbidity and chl-a concentration over the study area. Interestingly,
while maximum turbidity levels across the study site were typically located in the western
section associated with the drainage of the Albujon, highlighting the impact of hydrolog-
ical inputs and discharge from this canal, minimum levels were observed on the eastern,
northern, and southern sides and along the barrier beach “La Manga”. Our results also
present the highest chl-a concentrations along the western coastline, detecting a change
due to a proliferation of phytoplankton in early August 2021. The IEO-CSIC suggested
that this eutrophication event was due to an excess of nutrient availability flowing from
the Albujon [21]. Therefore, the abrupt deterioration of the water quality in Mar Menor
reached a stage of severe eutrophication that resulted in an ecological collapse in mid-
August, showing a gradual recovery during September 2021 before the minor “Cold
Drop” event on 20 September 2021. Among all the wadis transporting materials, water,
and nutrients from agricultural run-off, the Albujon is the principal collector of the Campo
de Cartagena drainage basin, subjecting the lagoon to nutrient and sediment runoff from
the agricultural landscape [11,12,15,16]. These results sustain that in order to remedy the
ecological collapse of the lagoon, it is crucial to design and implement environmental
strategies and policies [22], in particular those that focus on limiting the suspended mate-
rial discharged from the Albujon to regulate the massive proliferation of phytoplankton
and the eutrophication pressure favored by agricultural dumping [25,61].

3.4. An Early Warning Tool with High Spatial Resolution

The complex distribution and variability of the lagoon can be observed in detail in
all the satellite-derived products presented in this study, in particular for the turbid plume
located in the western part. These turbid features are usually small in dimension; there-
fore, detecting them by means of traditional ocean color sensors at lower spatial resolution
can be challenging. We recommend using Landsat-8 and Sentinel-2 missions in tandem to
improve the monitoring and control of Mar Menor. The multisensor methodology might
enhance previous studies that attempted to map water quality using coarser spatial reso-
lution imagery at 300-1000 m [24-26]. Additional evaluation of previous months in March
2021 also highlighted the importance of our methodology for studying the impact of
weather events on the coastal lagoon. Figures S6 and S7 show the RGB composite images
and turbidity levels on 11 and 12 March 2021 and on 21 and 28 March 2021, before and
after a severe winter storm, respectively. The maps corresponding to 11 and 12 March
2021 presented minimum turbidity levels (<4 FNU) in front of the Albujon. This cycle was
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occasionally disrupted by the intense winter storm resulting in increased inputs of terres-
trial discharges into the entire lagoon. The high resuspension of materials can be observed
in both the RGB and turbidity maps after the storm, in particular on 21 March 2021 along
the western coastal region with turbidity >50 FNU. A zoom on 21 March 2021 correspond-
ing to the southeastern shore of Mar Menor showed the high variability of the turbidity
patterns (Figure S8). Turbidity generally decreases seaward in the lagoon and extreme
events, such as storms, can increase turbidity 5-to-10-fold, altering the water quality dis-
tribution in the system. In particular, “Cold Drop” events can dramatically alter the eco-
logical status of the lagoon with turbidity levels increasing by more than a factor of five
[13]. Previous studies have already indicated that finer spatial resolution is needed to
comprehensively determine these complex spatial and temporal features [62].

With three-to-four-day revisits allowed by combined Landsat-8 and Sentinel-2 da-
tasets, the managers, end users, and coastal science community will take advantage of
these synoptic, improved, consistent, and high-quality products. This information may be
critical for operational purposes in the context of the EU WED [32], from which early
warning systems can be implemented. Although work remains to be performed towards
improving and developing advanced sunglint, atmospheric, and bio-optical algorithms
for both Sentinel-2 and Landsat-8, it is the ideal moment to examine, exploit, and maxim-
ize these merged datasets in Mar Menor. Particularly during ecological crises, such as the
one explored in this study, this information is crucial to assess appropriate measures to
be taken in coastal and inland water ecosystems. However, research must continue to en-
able retrievals in extremely contaminated sunglint scenes during eutrophic/turbid condi-
tions in summer periods, as demonstrated in this study (Figure 6), as well as the analysis
of other biogeochemical variables, such as Colored Dissolved Organic Matter (CDOM). In
addition, as shown in recent research by Wojcik-Diugoborska [63], turbidity measure-
ments in the field may differ from those taken in the laboratory and thus provide different
correlations between reflectance and the true value of turbidity. Therefore, we intend to
focus additional research on this aspect during the coming field campaigns. Future studies
will also be carried out to evaluate the entire Sentinel-2 and Landsat-8 series to assess the
seasonality of these events and to identify possible common factors, which can be moni-
tored or used as warning systems in the future. The improved resolution afforded by the
combined time-series products offers additional insights into processes over weekly or
subweekly timescales; nevertheless, these results emphasized the need for enhanced tem-
poral coverage space-based datasets in dynamic coastal environments. With these three
satellites now operating, Landsat-9 already in orbit, planned missions launching shortly
(e.g., Sentinel-2C/D), and continuously improving atmospheric and sunglint correction
techniques, the accessible record of high-to-moderate spatial resolution imagery will pro-
vide even more robust water quality monitoring in complex inland and coastal environ-
ments.

4. Conclusions

Eutrophication in areas where agricultural and industrial wastewater runoff feeds
excessive loads of nutrients into coastal regions can foster algal blooms and undermine
the health of these ecosystems. In this study, both Landsat-8 and Sentinel-2 satellites were
jointly merged as a constellation to estimate indicators of the water quality in the highly
unstable and vulnerable Mar Menor coastal lagoon. The validation of satellite biogeo-
chemical parameters, both turbidity and chl-a, retrieved good performance for ranges of
0.5-6 FNU and 0.5-5 mg/m?, respectively. The atmospheric and sunglint correction using
the ACOLITE software showed consistent performance for both satellites; therefore, using
them in tandem can improve mapping strategies, highlighting the importance of the pre-
processing scheme. The results demonstrate the suitability and consistency of the meth-
odology to reliably capture the detailed spatiotemporal distribution of turbidity and chl-
a, where satellite imagery was capable of early detection of chl-a levels above 3 mg/m?,
which generally triggered the subsequent blooms during recent years. Although neither
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of the satellite missions have been designed to characterize coastal seawater quality, our
approach demonstrated their capacity to provide appropriate information at 10-30 m spa-
tial resolution on a systematic basis and in a cost-effective way. Multitemporal maps were
produced, and an analysis of all images showed that the highest turbidity and chl-a levels
were always located in the western section. In particular, turbidity and chl-a concentration
at the mouth of the draining Albujon watercourse were consistently two times higher than
in the northern and eastern sections of the lagoon. The influence of the highly dynamic
plume from the Albujon extended over the entire lagoon, yet the strongest gradients typ-
ically occur within the first nearshore 1-2 km. Therefore, observing these gradients, their
variability, and the impact of land-water exchanges on nearshore dynamics under vary-
ing environmental conditions from space requires higher spatial resolution. Imagery from
both satellites offered snapshots of water quality patterns that are difficult to map with in
situ technologies in such heterogeneous environments. These innovative tools can sup-
port decision makers in the implementation of a joint monitoring strategy, better charac-
terization of the water quality distribution, and timely assistance to society during these
ecological disasters, thus preventing detrimental conditions in the lagoon. Furthermore,
the powerful multisensor system can be used as guidance to complement the ongoing in
situ techniques carried out by the local and regional authorities to select relevant areas for
data sampling. This information could advance mapping of water quality and bio-optical
properties in terrestrial-aquatic environments as an important tool for managers and
stakeholders, as well as for the tourism and fishing industry. A new era has begun with
the use of the Sentinel-2 and Landsat-8 missions as a virtual constellation, with significant
opportunities for monitoring the heterogeneous spatiotemporal patterns of inland and
nearshore coastal waters at resolutions certainly not observed previously.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/rs14122744/s1. Figure S1: RGB (Red-Green-Blue) composite image
on (a) 8, (b) 13, and (c) 18 August 2021 of the Sentinel-2 satellite (10 m spatial resolution); Figure S2:
Turbidity (FNU) on (a) 3, (b) 8, (c) 13, and (d) 18, August 2021 of the Sentinel-2 satellite (10 m spatial
resolution); (e-h) the same for chlorophyll-a concentration (Chl-a, mg/m?); Figure S3: Sentinel-2 and
Landsat-8 RGB (Red—Green-Blue) composite image acquired on (a) 4 September 2021, (b) 7 Septem-
ber 2021, (c) 11 September 2021, (d) 12 September 2021, (e) 17 September 2021, and (f) 22 September
2021; Figure S4: Turbidity (FNU) from Sentinel-2 and Landsat-8 acquired on (a) 4 September 2021,
(b) 7 September 2021, (c) 11 September 2021, (d) 12 September 2021, (e) 17 September 2021, and (f)
22 September 2021; Figure S5: Chlorophyll-a concentration (Chl-a, mg/m®) from Sentinel-2 and
Landsat-8 acquired on (a) 4 September 2021, (b) 7 September 2021, (c) 11 September 2021, (d) 12
September 2021, (e) 17 September 2021, and (f) 22 September 2021; Figure S6: RGB (Red—Green—
Blue) composite image from Sentinel-2 and Landsat-8 acquired on (a) 11, (b) 12, (c) 21, and (d) 28
March 2021; Figure S7: Turbidity (FNU) from Sentinel-2 and Landsat-8 acquired on (a) 11, (b) 12, (c)
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