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Abstract

:

The use of remote sensing to monitor inland waters and their current state is of high importance, as fresh waters are the habitat of many species of flora and fauna, and are also important for anthropogenic activities. Water quality can be monitored by many parameters, including dissolved suspended matter, phytoplankton, turbidity, and dissolved organic matter, while the concentration of chlorophyll-a (chl-a) is a representative indicator for detecting phytoplankton and monitoring water quality. The detection of phytoplankton in water layers, through chl-a indicators, is an effective method for displaying eutrophication. Numerous scientific publications and studies have shown that remote sensing data and techniques are capable of monitoring the temporal and spatial distribution and variation of this phenomenon. This study aimed to investigate the eutrophication in Pamvotis Lake, in Ioannina, Greece with the application of chl-a detection algorithms, by using Sentinel-2 satellite imagery data for the time period of 2016–2018. The maximum chlorophyll index (MCI) and maximum peak-height (MPH) algorithms have been applied to top of atmosphere (TOA) reflectance data, to detect chl-a and monitor the trophic range of the water body. Both algorithms were correlated and resulted in Pearson’s r values up to 0.95. Finally, the chl-a concentration was estimated by applying an empirical equation that correlates the MPH and chl-a concentration developed within previous studies. Those results were further analyzed and interpreted with spatial statistical methods, to understand the spatial distribution pattern of the eutrophication in our study area. Our results demonstrated that Pamvotis Lake is a eutrophic lake, and the highest chl-a concentration was located in the east and south-east of the lake during the study period. Sentinel-2 data can be a useful tool for lake managers, in order to estimate the spatial distribution of the chl-a concentration and identify areas prone to eutrophication, as well as the coastal zones that may influence the lake through water canals.
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1. Introduction


Water is a valuable natural element that covers 70% of our planet and is essential for the flourishing of all forms of life. Water can be found in fresh water bodies, such as lakes, rivers, and groundwater, as well coastal water bodies and oceans [1]. Water is also important for human activities and the production of commodities. Inland waters are the habitat of several species of flora and fauna. With the increase in human activities (urban development, industries, growth of population, and agriculture) the quality of water bodies has been dramatically affected, and this has lead to many negative impacts on their current state [2].



Eutrophication is the phenomenon where the minerals and nutrients increase in a body of water and, as a result, algae and aquatic plant life increase. A major cause for the increase of phytoplankton is the water pollution and contamination. The organic wastes, detergents, and fertilizers that end up in reservoirs produce nutrients due to the nitrogen (N), phosphorus (P), and potassium (K) they contain, and thus become food for phytoplankton [3]. The development of phytoplankton communities in the aquatic body due to the consumption of the available oxygen also leads to an increase in the water turbidity. The production of a green layer on the top of water reduces the productivity of fishing activities and also provides an inhospitable environment for other forms of life [4].



The quality of inland waters has been a crucial environmental issue in recent years and many studies have focused on analyzing and predicting the phenomenon of eutrophication so as to give possible causes and possible solutions for the problem. Remote sensing plays a vital role in monitoring and understanding of the composition of eutrophication, as well as the status of the water. Chlorophyll and other pigments absorb and reflect light at certain regions of the electromagnetic spectrum—absorbing in the blue and red regions of visible spectrum and reflecting in the green [5]. As a result, remote sensing data of high spatial and high temporal resolution can help to monitor chlorophyll-a (chl-a) distribution and concentration in inland water bodies.



In various studies and scientific research, chl-a algorithms have been built and designed to identify and derive the chl-a concentration. The related literature has a variety of studies focusing on monitoring chl-a as an indicator of water quality with remote sensing data and techniques based on inland waters (mostly lakes). Kravitz et al. [6] performed a study over small inland waters to retrieve chl-a from Sentinel-3 ocean and land color instrument (OLCI) data. The Sentinel-3 was also used among with the Sentinel-2 Multispectral Imager (MSI) in order to compare the retrieved chl-a in two large Italian lakes [7].



The Sentinel-2 MSI is an earth observation mission by the Copernicus program with two polar-orbiting satellites placed in the same sun-synchronous orbit (Sentinel-2A and Sentinel-2B). These sensors have a variety of quality characteristics, such as high resolution and multi-spectral imaging, and are designed to give a high revisit frequency of 2–3 days. The Sentinel-2 carries an optical instrument with 13 spectral bands: four bands at 10 m spatial resolution, six bands at 20 m, and three bands at 60 m.



The Sentinel-2 MSI is one of the sensors that has been used in recent years to provide data and monitoring of the physical states of marine, ocean, and coastal ecosystems. Some studies have focused on water quality estimation in inland waters and whether the land use is an important parameter for water pollution and contamination while others emphasize the spectral response [8,9,10,11,12,13]. Furthermore, the Sentinel-2 MSI has been compared with the Landsat-8 operational land imager (OLI) and it was observed that during pre-monsoon and post-monsoon seasons, the chl-a from the MSI is over estimated compared to the OLI [14].



Some indices were also developed based on the spectral difference between the clear and the eutrophic water. The maximum chlorophyll index (MCI) has been developed to measure the height of the peak in water, with a reflectance at 709 nm, relative to a baseline between 681 nm and 753 nm for medium resolution imaging spectrometer (MERIS) bands [15]. Through several studies, it has emerged that the width of the peak close to 705 nm is associated with high levels of chl-a [16]. The MCI algorithm was characterized specifically for the MERIS toolbox; therefore, the fluorescence line height (FLH)/MCI processor in Sentinel Application Platform (SNAP) contains an additional factor (k = 1.005) to correct for the influence of thin clouds [17].



Most studies in this area have focused on retrieving the chl-a concentration. The Sentinel-2 MSI has been extensively used for monitoring and observing cyanobacteria bloom events in eutrophic lakes. In [18], the authors analyzed and tested the chl-a indicators and empirical equations for chl-a concentration retrieval to derive the best-performing results through testing the top of atmosphere (TOA) and bottom of atmosphere (BOA) reflectance. According to this research, the best root mean square (RMS) error for the TOA data was achieved with a modified algorithm, named Maximum Peak-Height (MPH) [19], with RMS = 18 μg/L and R2 = 0.72, and with similarity to the FLH [20].



The MPH algorithm searches for the position and magnitude of the maximum peak in the Red/NIR at 681 nm, 709 nm, and 753 nm and uses a baseline between 664 nm and 885 nm for MERIS bands. The algorithm is designed to retrieve the concentration of chl-a through an empirical equation. Even if both the MCI and MPH algorithms have been developed for MERIS bands, they can be reformed based on Sentinels-2 bands: B4, B5, B6, and B8A, with 665 nm, 705 nm, 740 nm, and 865 nm central wavelengths, respectively. Thus both algorithms have been applied in Sentinel-2, in various areas of study [18,21,22].



This paper aims to explore the MCI and MPH products based on Sentinel-2 data in the shallow lake, Pamvotis, Greece, with extremely high biomass, floating algae, and aquatic vegetation. Furthermore, we estimate the spatial chl-a concentration for a three year period based on an empirical equation, developed within previous research for another similar study area. The spatial-temporal dataset developed was further statistically analyzed in order to understand the spatial distribution patterns of chl-a and to highlight the usability of the MPH algorithm for the detection of phytoplankton and aquatic vegetation. Even if various studies have been conducted for Pamvotis lake, these were focused mainly on water quality estimation based on point field measurements, short range forecasting, and identification of the contributing environmental parameters associated with eutrophication in this lake, while their analysis lacks, to the best of our knowledge, any spatial-temporal context [23,24,25,26,27,28,29].




2. Materials and Methods


2.1. Study Area and Data


The lake of Pamvotis, also known as Lake of Ioannina (Figure 1a), is located in the regional unit of Ioannina in northern Greece. The lake is situated at an altitude of 470 m above sea level and has a total area of 24 km2, length of 7.5 km, and width from 1 to 5 km. A small island is located close to the north-west coast, including a traditional settlement of historic importance, while the city of Ioannina is located on the lake’s western shore. Pamvotis has a remarkable endemic ecosystem with a variety of imported and native species [30]. However, urban growth leads to landscape fragmentation and, consequently, the lake has suffered many changes in ecological composition, as well as disruption of its hydrological cycle. The city’s population has increased and thus so have their needs; so, as a result, the production of commodities has increased, meaning an increase in agricultural and industrial activities. These production activities have lead to an increase of wastes that are channeled into Pamvotis [31].



The configuration of land-cover types (Figure 1b) reveals the human activities and the effects of the lake’s environment and degradation. The lake is mainly covered by urban and agricultural land. Organic wastes and fertilizers from the urban area and land crops eventually arrive in the lake, causing crucial environmental issues. However, the degradation of the lake’s landscape has become apparent in recent years, with the increase of aquatic plants, turbidity, unpleasant odors, and short-term fishing bans to protect the fish stocks in the lake basin.



In order to explore the quality of the lake’s water, 65 cloud-free satellite images were retrieved in JPEG 2000 format, acquired by the Sentinel-2A and Sentinel-2B MSI satellites. The dataset consist of the years 2016–2018 (15, 21, and 29 for the years 2016, 2017, and 2018, respectively) and the product type is Level-1C. Level-1C products are radiometrically corrected, providing the top of atmosphere (TOA) reflectance and geometrically corrected using a 90 m digital elevation model (DEM) (PlanetDEM 90) by shuttle radar topography mission (SRTM) v4.1 in UTM (Universal Transverse Mercator)/WGS84.




2.2. Methodology


For land masking, a number of indices were tested. In particular, the normalized difference moisture index (NDMI), automated water extraction index (AWEI), water ratio index (WRI), normalized difference water index (NDWI), and modification of normalized difference water index (MNDWI) were applied in the study area to separate the land from the water. The NDWI provided the best results in order to create a mask for the land area. During the pre-processing stage, a land mask was developed to separate the land from the lake based on NDWI, as follows [32]:


   NDWI    =   G − NIR   G + NIR    



(1)




where G is the green band and NIR is the near infrared. The index is based on the difference where the reflectance of the water features are higher in the visibly green and lower in the near infrared zone of the electromagnetic spectral information. The values of the NDWI range from −1 to +1, where positive values correspond to water areas and negative values to soil, vegetation, and urban landscape characteristics [32]. The land mask was performed on a cloud free satellite image of 13/08/2018.



To monitor the eutrophication, we applied two detection algorithms, the MCI and the MPH. The MCI was originally developed for MERIS sensor data with the purpose to produce daily data for tracking, detecting, and mapping phytoplankton and aquatic vegetation [15]. The MCI measures the height of its peak reflectance at 705 nm of the electromagnetic spectrum, while it is used as a baseline for the range between 665 nm and 740 nm regions for Sentinel-2 bands. The width of the peak near 705 nm is associated with high levels of chl-a in oceans, coastal, and terrestrial waters, as has emerged through surveys and studies. However, there are numerous of false alarms when interpreting MCI data; high values of the index in shallow waters often referred to benthic vegetation and not to algal blooms [16]. Optimization of the MCI algorithm has been achieved by including a factor, so that its efficiency is not affected by thin clouds, as discovered in recent research [17]. The MCI applied to Sentinel-2 data is described by the following equation (Equation (2)):


   MCI    =    B  5 − 1.005  [  B 4 +    (  B 6 − B 4  )   (   λ  B 5   −  λ  B 4    )     λ  B 6   −  λ  B 4      ]   



(2)




where B4, B5, and B6 are the reflectance and λB4 = 0.665 nm, λB5 = 0.705 nm and λB6 = 0.740 nm are the central wavelengths of the corresponding bands of Sentinel-2. The second algorithm to detect chl-a is the MPH, a modification of the MCI and is based on a baseline that sets the range to which we will find the position and the size of peak reflectance. The line used as a base is the length of wavelength at 665 nm and 865 nm. The wavelength at 705 nm of the electromagnetic spectrum for Sentinel-2 bands is defined as the peak point of reflectance in eutrophic waters (Figure 2) and is the active point of chl-a [18]. The MPH is designed to provide the trophic status determination and to handle three types of waters: (1) mixed oligotrophic/mesotrophic waters with low to medium biomass; (2) high biomass in eutrophic/hypertrophic waters; and (3) extreme high biomass with surface suspended algae or aquatic vegetation [19]. The MPH applied for the Sentinel-2 data is calculated as follows (Equation (3)):


   MPH    =    B  5 − B 4 −    (  B 8 A − B 4  )   (   λ  B 5   −  λ  B 4    )     λ  B 8 A   −  λ  B 4      



(3)




where B4, B5, and B8A are the reflectance and λB4 = 0.665 nm, λB5 = 0.705 nm, and λB8A = 0.865 nm are the central wavelengths of the corresponding bands of Sentinel-2.



The first step in our workflow was to correlate the two algorithms, MCI and MPH, and identify whether there is a strong correlation between them or not, in order to use only one of them for our further analysis. The evaluations were performed by estimating Pearson’s r correlation coefficient in order to measure the strength of the association between the MPH and MCI values for all 65 time-periods of the study (year 2016: 15 images, year 2017: 21 images, year 2018: 29 images).



During the next stage we tried to retrieve the concentration of chl-a by using models from the literature that have been developed for another study area based on in situ measurements and satellite data [18]. The chosen empirical equation correlates the MPH and the chl-a concentration for the Sentinel -2 Level-1C data. The equation applied has not been validated in our study area; however, it has been developed based on in situ measurements on four lakes in Lithuania with various characteristics, of which two are eutrophic blooming lakes with agriculture and urban land cover types in their basin. The results present much of the chl-a concentration variation and distribution and had the best RMS error, equal to 18 μg/L. The empirical equation developed for cyanobacteria rich waters is the following [18,19]:


   Chla    = 2223.18  ∗ MPH  + 24.03 .  



(4)







In addition to analyzing the spatial distribution and aggregation of chl-a, we performed a descriptive statistical analysis. For each pixel of our study area, the minimum, maximum, mean, and standard deviation of chl-a concentration for the study period was calculated and mapped in order to identify possible causes and conditions. In statistical analysis, an important step in analyzing a variable is finding and treating the outliers, and also determining how the patterns are spatially and quantitatively distributed. Often the extreme values are present as deviations and appear in locations where they are not expected according to the variable distribution pattern [33]. For finding, treating, and interpreting the outliers, the interquartile range (IQR) method was used. The IQR approach of identifying extreme cases in datasets, uses the difference between the third and the first quartile of the data (Q3-Q1). The first quartile (Q1) is the value of the data with 25% of the values below it. The third quartile (Q3) is the value of the data with 25% of the values above it. A common rule for implementation of this method assumes that the exclusions are 1.5*IQR below Q1 or 1.5*IQR above Q3 [34]. In our study we identified only the pixels with extreme high values according to:


   Outliers    =      Q   3  + 1.5  ∗ IQR  .  



(5)







The next step of our process was the clustering of the 65 chl-a concentrations datasets. Clustering is the process by which the pixels are grouped into a class correlated to display similar characteristics that are different from those of the other classes. In this paper we applied the Iterative Self-Organizing Data analysis technique (ISODATA), which is an unsupervised classification approach that requires the number of desired clusters, the maximum iterations, and the minimum number of pixels per cluster [35,36,37]. In order to find the optimal number of clusters, we applied a number of the most widely used methods included in the NbClust R package [38], and we finally applied the number of clusters with the highest frequency among all indices.



The above procedures were automated within the ArcGIS software v. 10.2.2, by developing graphical models and python scripts, so that anyone can reproduce the products for any study area and for any time period. Figure 3 presents the workflow of our methodology.





3. Results and Discussion


3.1. MPH and MCI Correlation


The MPH and MCI algorithms were applied to all datasets in order to visually and statistically compare the results. Both indices appeared to work well, as they shared some common features. For the detection of chl-a, both algorithms used the wavelengths at 665 nm and 705 nm. Table 1 presents the overall annual and per season relationship between the MCI and MPH, according to Pearson’s r correlation coefficient.



All of the coefficients showed a strong positive correlation between the MPH and the MCI. The strong correlations are also evident in the scatterplots (Figure A1, Figure A2 and Figure A3). This was quite expected, as both algorithms are based on chl-a scattering peaks above a specific baseline even if they can provide divergent results in some cases. Despite the correlation and the strong positive relationship between these algorithms, the MPH was further analyzed due to the provided algorithms that correlate the MPH index with the chl-a concentrations. Furthermore, based on previous research, the MPH is more suitable for the estimation of the chl-a concentration across different trophic ranges and water types [39]. Finally, from visual inspection of our products, it was observed that, for specific days, the MCI values were negative. This could happen due to a shift of the chl-a reflectance peak to the longer wavelengths; a response that has been also observed for the FLH algorithm within previous research [40]. Nevertheless, the most likely reason for the negative MCI in our study area is the very dense surface cyanobacterial scums. The reflectance of these dense scums is increased in wavelengths beyond 700 nm and is similar to the reflectance response of aquatic macrophytes [41].




3.2. MPH and Chl-A Concentration


MPH mapping revealed that the intense chlorophyll activity is mainly observed in the summer and autumn months and, in particular, the month of October, indicating that this is an outbreak season for eutrophication. On the contrary, we could argue that winter and spring months are observed to be inactive regarding the identification and distribution of high MPH values (Figure 4). During the inactive period, the MPH index is low throughout the lake (i.e., 14 April 2016, 09 April 2017, and 12 April 2018 of Figure 4). However, in the vicinity of the coast, due to the adjacency effect, the reflectances of the pixels are influenced by the land, resulting in non-confident results for these specific areas [42]. On the other hand, during an outbreak (i.e., 14 October 2016, 09 October 2017, and 09 October 2018 of Figure 4), the spatial distribution of the MPH index varies. From visual inspection of all 65 images, the higher values of MPH are concentrated on the east side of the lake. The major contributors of high chl-a concentrations are the agricultural fertilizers and the light industrial and urban wastes that inflow through inflow points at the south side of the lake [2].



According to the empirical model described above, the highest concentration of chl-a reached 257 µg/L. In Figure 5, we can see the outbreak of the phenomenon during September and October of 2017, as these were the only available dates with images containing no clouds for this specific outbreak event. Spring outbreaks last for a shorter time and present a lower concentration of chl-a. Figure 6 shows a spring–early summer outbreak episode, during the period from 23 March 2017 to 28 June 2017. At the beginning of this period the concentration did not present any spatial variation and was equal to approximately 20 μg/L, rising to 30 μg/L on 09 April 2017. From 02/05, an outbreak took place with maximum values at the west part of the lake, approximately 50 μg/L, while two cores of high values were formed in mid May, with concentrations up to 170 μg/L. At 01/06, one core of high value remained in the east part, with approximately 130 μg/L. The next available clear image is from 28/06, where the concentrations were similar to the whole lake, at approximately 20 μg/L.



From the results of the two periods presented above, it is clear that there is a hypertrophic state in the lake. Moreover, we can see the sensor’s suitability to monitor an event with high spatial and temporal resolution, even if a significant number of images were discarded due to clouds. Apart from the adjacency effect that is described above, some images were contaminated by stripe noise. Stripe noise removal is an active research problem, and the solutions applied may lead to a possible degradation of structural details with the same frequencies as stripes related to the useful signal [43,44]. Previous research has shown that the stripes amount, on average, to between ±7 Digital Numbers (DN) and ±4 DN for the bands 4, 8, and 11 of the MSI, which equals 0.0007 and 0.0004 TOA respectively [45]. Thus, a periodic stripe noise removal filter was not applied; however, we maintain a high degree of confidence in this kind of analysis. External factors may also play an import role in water eutrophication and in its spatial distribution, such as weather conditions, i.e., temperature, humidity, wind speed, and direction [46].




3.3. Statistical Analysis of Chl-A Concentration


The next step in our study was to perform spatial and temporal statistical analysis of the distribution of the chl-a in the study area. For all of the concentration maps, we calculated the minimum, maximum, mean, and standard deviation for each pixel (Figure 7). The minimum values appeared mostly at the north-west coast where the lake is adjacent to the urban area. Furthermore, some artifacts were observed due to the strip noise of the bands that are taken into consideration for the calculation of the MPH. On the other hand, the maximum values were observed at the east and south–east coast with values reaching up to 260 µg/L, which also confirms the interpretation of the high concentration of chl-a in the specific area from crops and pollutant sources. The mean chl-a values show an indicative 2 year situation in the lake. The average concentration values, according to trophic classification by Serwan et. al. [47], determine the water quality and show that the lake is hypertrophic, as the main values of the concentration levels reached 56 µg/L.



The standard deviations indicate that the largest rate of changes and distribution of chl-a were in the southeast bank of the lake. Moreover, the comparison of the mean and standard deviation indicates that there was a spatial agreement between them. The visualization of the maps of Figure 7 is based on a stretched color ramp according to the minimum and maximum values of each raster. We applied this scheme in order to emphasize the relative spatial distribution of high and low values. Figure A4, Figure A5, Figure A6, Figure A7 and Figure A8 present the same statistics with a classified color scheme for the whole time period and per season. This color scheme highlights the absolute concentration values rather than the relative spatial distribution.



One of the main outputs of the current workflow was the calculation of the outliers, i.e., to identify the areas that have high concentrations. For each date, each pixel was classified as an outlier or not according the quartiles of the corresponding image and the method described above. The 65 binary results were summed in order to identify the frequency of pixels classified as outliers (Figure 8). The majority of the area did not present any extreme high values of concentration for the study period. Approximately 6 km2 of the lake presented, only once, an extreme concentration away from the coast. Higher frequencies of extreme values were observed close to the coast, mainly at the south and east sides of the lake. The pixels adjacent to land may suffer from the adjacency effect described above. The two cores of pixels in the class 21–40 observed at the east and west of the lake are due to the aquatic vegetation observed in the summer and autumn seasons, and the pixels with frequency 2–20 are due to extreme concentrations of chl-a from the agricultural activities that take place.



Finally, an ISODATA clustering was applied to the dataset in order to identify any spatial and temporal trends regarding the concentration of chl-a. The optimal number of clusters to group the dataset, regarding the homogeneity/compactness of the clusters, was four, according to its frequency among all indices of the NbClust R package (Figure 9). A measure of the total variance in our dataset that is explained by the performed clustering is the ratio of the between sum of squares (BSS) and the total sum of squares (TSS), which was 74.01% for the four groups.



Figure 10 presents the clusters, while Figure 11 presents the temporal variation of the mean values of each cluster. The first class includes area that does not show temporal peaks of the variation but balanced and relative low concentrations, with an average below 60 μg/L. The pixels of this cluster are few and are located at the borders of the lake. It is likely that this cluster includes pixels that suffer from the adjacency effect.



The peaks for all other classes were observed during the autumn–winter months of each year, following the same seasonal and annual patterns. Class 2 had the highest chl-a values observed at the east part of the lake. For the year 2016, the chl-a mean values were marginally higher and reached up to 140 μg/L, while in 2017 and 2018, they reach 120 µg/L. The other three clusters followed the same distribution pattern of class 2, however in lower concentration levels. Class 4 was observed to concentrate at the northwest side, presenting the lower concentrations, and class 3 was observed from the north-east part through the south part of the lake. In general, we observed a spatial segmentation of the lake in three groups of concentrations according to the three-year remote sensing data.





4. Conclusions


In conclusion, the three-year study of the remotely sensed data revealed that Pamvotis’ state is mainly eutrophic, with a specific period of outbreak for the phenomenon.



In this paper, two significant chl-a detection algorithms, the MPH and the MCI were estimated in eutrophic condition waters, to discuss the Sentinel-2 capabilities and limitations. Many studies have indicated that both algorithms can detect chl-a and aquatic vegetation; our study, with the estimation of Pearson’s r between the MCI and MPH finds the same conclusion. The MPH was further correlated with chl-a concentration based on a model derived within another research for another study area in Lithuania [18]. On the other hand, as the present study did not include any in situ measurements, the values of the estimated chl-a concentrations need thorough considerations. Nevertheless, for a comparison to our findings, the most recent to our study in situ measurements are provided by the Management Body of Pamvotis lake. According to this study, the average annual value of chl-a is 46.6 μg/L, with a maximum value of 298.1 μg/L (June) and a minimum value of 4.9 μg/L (April) for the time period 2010–2011 [48]. Older in situ measurements are summarized in previous research by Kagalou et al. (2008) [23].



In the spatial analysis of chl-a distribution, we conclude that the highest levels accumulate at the south and south-east shore of the lake. The systematic detection of extreme chl-a values (maximum outliers) may be influenced by temporal factors in the aquatic vegetation, due to the growth cycle or exposure, due to water level alterations.



The main sources of pollution in the lake are the nearby urban area and agricultural land [49], where human activities increase the wastes in the water, resulting in the development of phytoplankton communities [2]. A waste water treatment plant has operated since the mid-1990s; however, illegal disposal of untreated human and industrial wastes unfortunately still occurs. These wasters and the intensive usage of fertilizers cause a reduction in water quality.



Our results can provide some guidance to lake managers in order to identify areas prone to eutrophication and coastal zones that may influence the lake through water canals. Further improvement of the analysis should include the atmospheric correction of the data and the exclusion of areas that are not covered by in-water vegetation or that not have their waterbed exposed at any time within an annual cycle. The newer Sentinel-3 sensor can also be evaluated, given its 10 bands in the range of 665–865 nm, despite its low spatial resolution of 300 m. Finally, in situ water parameters should be retrieved and correlated with the Sentinel-2 data, in order to build an algorithm for more accurate results.
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Figure A1. Scatter plot of MCI–MPH for the seasons of 2016. 






Figure A1. Scatter plot of MCI–MPH for the seasons of 2016.
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Figure A2. Scatter plot of MCI–MPH for the seasons of 2017. 






Figure A2. Scatter plot of MCI–MPH for the seasons of 2017.
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Figure A3. Scatter plot of MCI–MPH for the seasons of 2018. 






Figure A3. Scatter plot of MCI–MPH for the seasons of 2018.
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Figure A4. Chl-a concentration for 2016–2018. 






Figure A4. Chl-a concentration for 2016–2018.
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Figure A5. Chl-a concentration for a winter season. 






Figure A5. Chl-a concentration for a winter season.
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Figure A6. Chl-a concentration for a spring season. 






Figure A6. Chl-a concentration for a spring season.
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Figure A7. Chl-a concentration for a summer season. 






Figure A7. Chl-a concentration for a summer season.
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Figure A8. Chl-a concentration for an autumn season. 






Figure A8. Chl-a concentration for an autumn season.
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Figure 1. (a) The study area of Pamvotis lake, Greece and (b) the CORINE land cover types. 
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Figure 2. Peak of the reflectance in eutrophic waters at 705 nm of the electromagnetic spectrum, based on Sentinel-2 Multispectral Imager (MSI) bands. 
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Figure 3. Work flow chart. maximum chlorophyll index (MCI) and maximum peak-height (MPH). 
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Figure 4. The MPH index during active and inactive periods in Pamvotis lake. The index is dimensionless. 
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Figure 5. Outbreak of chl-a concentrations for September–October 2017. Only the available images without any cloud contamination have been processed. 
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Figure 6. Outbreak of chl-a concentrations during March–June 2017. Only the available images without any cloud contamination have been processed. 
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Figure 7. The maximum, minimum, mean, and standard deviations of Chl-a concentrations per pixel for the study period. 
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Figure 8. The frequency of chl-a maximum value outlier pixels in lake Pamvotis. 
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Figure 9. The frequency of the optimal number of clusters retrieved by 24 models. 
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Figure 10. Clustering of the 65 chl-a images. 
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Figure 11. The temporal variation of the chl-a mean values for each cluster. 
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Table 1. Pearson’s r correlation coefficient per year and per season.
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	Annual
	Winter
	Spring
	Summer
	Autumn





	2016
	0.92
	0.88
	0.66
	0.95
	0.70



	2017
	0.75
	0.77
	0.92
	0.89
	0.48



	2018
	0.82
	0.81
	0.62
	0.85
	0.65











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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