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Abstract

:

PRISMA is the Italian Space Agency’s first proof-of-concept hyperspectral mission launched in March 2019. The present work aims to evaluate the accuracy of PRISMA’s standard Level 2d (L2d) products in visible and near-infrared (NIR) spectral regions over water bodies. For this assessment, an analytical comparison was performed with in situ water reflectance available through the ocean color component of the Aerosol Robotic Network (AERONET-OC). In total, 109 cloud-free images over 20 inland and coastal water sites worldwide were available for the match-up analysis, covering a period of three years. The quality of L2d products was further evaluated as a function of ancillary parameters, such as the trophic state of the water, aerosol optical depth (AOD), observation and illumination geometry, and the distance from the coastline (DC). The results showed significant levels of uncertainty in the L2d reflectance products, with median symmetric accuracies (MdSA) varying from 33% in the green to more than 100% in the blue and NIR bands, with higher median uncertainties in oligotrophic waters (MdSA of 85% for the entire spectral range) than in meso-eutrophic (MdSA of 46%) where spectral shapes were retained adequately. Slight variations in the statistical agreement were then noted depending on AOD values, observation and illumination geometry, and DC. Overall, the results indicate that water-specific atmospheric correction algorithms should be developed and tested to fully exploit PRISMA data as a precursor for future operational hyperspectral missions as the standard L2d products are mostly intended for terrestrial applications.
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1. Introduction


Nowadays, the world is facing an alarming and unprecedented environmental crisis, where inland and coastal water ecosystems, in particular, are among the most affected due to several factors, including the global increase in coastal development and population, global warming, increasing eutrophication, and pollution by plastic debris. As reported in the IPCC 2022 report [1], changes in the oceans are leading to rising sea levels, acidification, deoxygenation and changing salinity in the world’s ocean and surface waters. In this context, remote sensing technology has proven to be an effective tool for extracting large-scale spatial and temporal information on water quality (e.g., [2,3,4]) in view of the United Nations Agenda 2030 Sustainable Development Goals (SDGs, e.g., goals 6, 13, and 14). For nearly 40 years (see, e.g., [5]), remote sensing techniques have been increasingly used for deriving valuable information on a range of relevant indicators of water quality and ecosystem conditions, from local to global scales [6]. In particular, the deployment of imaging spectroscopy has been crucial in expanding the capabilities of remote sensing for environmental monitoring [7]. Hyperspectral remote sensing provides measurements across several narrow and discrete bands, creating a contiguous spectrum that allows for the better detection and identification of the biophysical properties of the water column and bottom [8]. The wide range of applications includes detecting phytoplankton types and sun-induced fluorescence, mapping benthic habitats and recovering the origin of total suspended matter (TSM). Over the years, several proof-of-concept hyperspectral missions have provided important scientific contributions, such as NASA’s EO-1 (Earth Observing 1) launched in 2000, which carried an imaging spectrometer referred to as Hyperion. Hyperion provided a hyperspectral imager capable of resolving 220 spectral bands (400 to 2500 nm) at a spatial resolution of 30 m. The instrument was able to provide detailed spectral mapping over the entire spectral setting with high radiometric accuracy (e.g., [9,10]). Another key sensor, especially for the study of water, was HICO (Hyperspectral Imager for the Coastal Ocean), the first satellite developed to survey the coastal ocean. The HICO sensor collected over 10,000 images during its five years of operation (2009–2014) (e.g., [11,12]). For the first three years, HICO was sponsored by the Office of Naval Research as an Innovative Naval Prototype; support for the last two years was provided by NASA’s International Space Station (ISS) Program. Even the PROBA-1 mission’s Compact High-Resolution Imaging Spectrometer (CHRIS) contributed over the years for applications in the atmosphere, land, agriculture, oceans, and coastlines, acquiring 13 km2 scenes with a spatial resolution of 17 m in 18 visible (VIS) and near-infrared (NIR) wavelengths, although it can be reconfigured to provide 63 spectral bands at a spatial resolution of approximately 34 m (e.g., [13,14]). More recently, PRISMA and DLR’s Environmental Mapping and Analysis Program (EnMap) are able to measure Earth’s surface properties with narrow contiguous spectral bands from VIS to the shortwave infrared (SWIR). In particular, PRISMA, the hyperspectral sensor distributed by the Italian Space Agency (ASI) [15,16,17], has been proven to be able to support water quality studies [12,18,19,20,21,22].



To enable the exploitation of hyperspectral data [9,18,23,24,25] for estimating bio-geophysical parameters, a crucial step in the data processing is atmospheric correction, a process required to remove the contribution of the atmospheric interference from the top-of-atmosphere (TOA) signal recorded by the sensor. As reported in the International Ocean Colour Coordinating Group (IOCCG) 2010 report [26], atmospheric correction is very challenging in coastal regions due to the complex properties of the atmosphere and water (low-signal environment). Compared to the total radiance measured at the TOA in the blue bands, the water-leaving radiance contributes approximately 10%, although over highly absorbing waters. this fraction reduces to 1% (e.g., water bodies dominated by high concentrations of colored dissolved organic matter (CDOM)), necessitating an accurate radiometric characterization of the sensor [27]. Particularly in inland and coastal waters, inaccurate atmospheric correction still yields significant uncertainties in satellite products, thus reducing the possibility of identifying subtle variability in aquatic ecosystems [3]. To measure these uncertainties, it is fundamental to evaluate sensor performance during the lifetime of the mission, to determine the quality and reliability of related products [28]. In doing so, specific protocols for validation activities of satellite products have been defined (e.g., [29]). Validation in remote sensing can be defined as the process of quantifying the accuracy of satellite-derived products and quantifying their median or mean uncertainties through analytical comparison with reference data, representative of the truth [30,31,32,33,34,35]. The validation operation usually relies on large amounts of in situ data, acquired in coincidence with satellite overpasses, which are indicative of the actual state of behavior at a given aquatic site. The comparison between satellite and in situ data is usually performed in terms of water-leaving reflectance, the physical quantity obtained from satellite imagery corrected for atmospheric effects, and mainly used for the retrieval of water quality parameters, e.g., chlorophyll-a (Chl-a) concentration, TSM, CDOM, and transparency, via the inherent optical properties, i.e., the spectral scattering and absorption properties of the water column.



In this context, the aim of this work is to assess the quality of PRISMA’s standard Level 2d (L2d) reflectance products, atmospherically corrected by the ASI PRISMA automatic processor (continuously updated), over twenty inland and coastal water sites, representing a wide range of optical water properties than the dataset used in [36] and [37]. Although the L2d processor was designed for land with no water application as part of the requirements, it is evaluated here because it is the default PRISMA product readily available for the users. The quality of PRISMA L2d products is evaluated by comparison with standardized and autonomous multispectral in situ measurements from the ocean color component of the Aerosol Robotic Network (AERONET-OC), a federated network of radiometers supported and managed by NASA, which have been the main source of validation data for past and current spaceborne optical missions (e.g., [38,39,40]) due to their high data quality and regular annual maintenance. PRISMA L2d products are further evaluated based on a series of factors (i.e., water type, aerosol optical depth (AOD), observation and illumination geometry as in [41], acquisition time, as well as the distance of each AERONET-OC platform from the coastline), which might explain the degree of agreement with in situ measurements.




2. Materials and Methods


In this section, the PRISMA data characteristics and in situ data used for the validation are presented.



2.1. PRISMA


The PRISMA (PRecursore IperSpettrale della Missione Applicativa) satellite, operated by the ASI, is one of the first hyperspectral missions in Europe. PRISMA is a single satellite placed in low-Earth Sun-synchronous orbit, with a revisit rate of 29 days, a period that can be reduced to 7 days due to its off-nadir pointing capability. It corresponds to the small-size class, with an operational lifetime of 5 years. The satellite consists mainly of the platform, the electro-optical payload, and the payload data management and transmission subsystem [42]. It includes a medium-resolution hyperspectral camera (spatial resolution of 30 m) operating in the range of 400 to 2500 nm (239 bands) and a high-resolution panchromatic camera (spatial resolution of 5 m) [15,17]. Due to their generally recognized potential use in aquatic remote sensing [36], PRISMA images are expected to provide significant advances in algorithm development and innovative monitoring tools. PRISMA products range from Level 0 (L0) to Level 2 (L2) [16]: L0 represents formatted data products, Level 1 (L1) represents radiance data radiometrically corrected and calibrated in physical units, and L2 represents the result of the conversion of TOA spectral radiance measurements into bottom-of-the-atmosphere (BOA) remote sensing reflectance measurements. In particular, L2 data are divided into: L2b (geolocated ground spectral radiance product), L2c (geolocated at-surface reflectance product, this product includes: aerosol characterization, water vapor, cloud characterization, observation and illumination geometry), and L2d (the geocoded version of L2c products). The automatic atmospheric correction processor, which is used to remove the effect of the atmosphere, is based on MODTRAN v 6.0, using a multidimensional look-up table (LUT) approach. The process is carried out from PRISMA L1 products and the following auxiliary data: solar irradiance file, LUTs (containing simulated geophysical observations obtained through a radiative transfer code) and digital elevation model [43]. This processor was designed for land with no aquatic applications as part of its requirements. The aerosol model used to construct the LUTs is particularly limited to the “rural” model provided by the MODTRAN library; this could cause a limitation for coastal water sites (offshore stations) where it would be more appropriate to use the “maritime” model [37]. To derive atmospheric parameters (e.g., water vapor and AOD), this method exploits the hyperspectral bands. The estimation of the AOD value of PRISMA is performed using the Dense Dark Vegetation (DDV) algorithm approach [44], exploiting the correlation between the reflectance in the SWIR region and the blue and red bands. Sometimes this may affect the accurate estimation of the AOD in scenes with a high percentage of water pixels, as land pixels are needed for the DDV to provide adequate retrievals [45]. Water vapor is retrieved pixel by pixel using the absorption characteristics of water in the NIR bands. More information on the atmospheric correction method can be found in the ASI 2021 document [43]. In this work, the quality of PRISMA L2d (version “02.05”) was evaluated in terms of Remote sensing reflectance (Rrs; i.e., water-leaving reflectance/π); L2d products were also used to extract metadata information such as acquisition time, view and sun zenith angles (PRISMA acquired with view zenith angles ranging from ~1.5° to 20° and with sun zenith angles ranging from about 20° to 70°), and water pixel percentage (WPP). Previous studies have identified PRISMA’s deep blue bands (402–411–419 nm) to lack adequate radiometric fidelity [37]; hence, these bands were removed from our analysis.




2.2. In Situ Data


For the analysis of satellite data products, radiometric measurements made at the global AERONET sites were utilized. The network’s main advantages are autonomous operations and data availability within hours of collection, the high quality and consistency of the data following standardized acquisition methodology, annual instrument calibrations and data re-processing techniques, as well as open-access products through specific data policy. Since 2006, the network has been expanded with the introduction of the AERONET-OC component, thanks to the collaboration between the Joint Research Centre and NASA, this component was developed specifically for the validation of ocean-color radiometric products [46]. AERONET-OC provides measurements of normalized water-leaving radiance (LWN) measured by modified CIMEL sun photometers (Paris, France) CE-318 installed on fixed offshore platforms [47,48]. The measurement system, called Sea-Viewing Wide Field-of-View Sensor (SeaWiFS) Photometer Revision for Incident Surface Measurements (SeaPRISM), performs measurements at the central wavelengths with an 11 nm bandwidth in the spectral range of 400–1020 nm. Standardized measurements made at different sites with the same measuring systems and protocols, calibrated using a single source and reference method, and processed with the same code [32,49,50] can be derived using AERONET-OC. LWN is only determined when certain criteria are respected, such as: there are no missing values, dark values are below a certain threshold, AOD data have been determined, and wind speed is less than 15 ms−1 [32,49]. Over time, AERONET-OC has become an established source of reference measurements for the evaluation of satellite ocean color data (e.g., [32,46,51]), but also for atmospheric correction processors [52] and bio-optical models [53]. In the last few years, AERONET-OC has supported the radiometric characterization of Landsat-8 and Sentinel-2 for aquatic applications and, even if for a limited set of bands, this network has also been considered very relevant for PRISMA [36]. For the analysis carried out in this work, Version 3 Level 1.5 (LWN_f/Q) of the AERONET-OC data was used, considering that the configuration of the AERONET-OC spectrum varies depending on the site considered. Level 1.5 was selected since it allows an increase in the number of data available per site, despite a potentially lower accuracy (compared to Level 2) [29,49]. Since the evaluation was carried out using Rrs as the primary quantity, after extracting the normalized water-leaving radiance from the AERONET-OC database, Rrs were calculated using the following formula [34]:


    R r s   i n − s i t u   =   L W N _ f / Q     F   0     (   s r   − 1   )  



(1)




where F0 is the extraterrestrial solar irradiance [54].



In addition to Rrs, the following parameters, also available in the AERONET-OC data-set to support the analysis of PRISMA L2d products, were considered: Chl-a concentration [49], AOD (at 550 nm) [55], the acquisition time and the distance from the coastline (DC). The extracted dataset referred to as the closest time to the PRISMA acquisition time. Note that the Chl-a concentration is only a byproduct of the AERONET-OC radiometric measurements and is only intended to infer the dominant trophic state across the validation sites.




2.3. Available Dataset


In this section, the entire dataset considered in this work is presented. A total of 109 cloud-free PRISMA images, near-synchronous with AERONET-OC measurements, were collected during the period from July 2019 to July 2022 with 53% acquired during the winter period (i.e., October–March in the Northern Hemisphere and April–September in the Southern Hemisphere). The PRISMA images were tasked and acquired over 20 AERONET-OC sites (shown in Figure 1) distributed worldwide. The dataset consists mainly of sites located in coastal waters that are at different DC, with an average distance of 7.5 nautical miles; the South Greenbay site is the closest to the coast (0.5 nautical miles) and the Casablanca platform site is the farthest (21.5 nautical miles). The dataset also includes three lakes: Palgrunden, located in Lake Vänern (mean depth 27 m, oligotrophic state with high CDOM concentration), Lake Erie (mean depth 19 m, characterized by the presence of algal blooms), and Lake Okeechobee (mean depth 2.7 m, eutrophic state).



Among the factors that may influence the quality of the data, the following were considered: estimated Chl-a concentration, measured AOD, absolute time lag between the acquisition of imagery and in situ spectra, view zenith angle, and sun zenith angle. In order to assess whether the variability in these factors influences the L2d products, the dataset was divided into two subsets according to the median value of each parameter. The median rather than the mean value was considered as to prevent the influence from outliers on the division into two subsets. The frequency distributions, mean and median values are shown in Figure 2. The DC parameter was also considered, where instead of the median value, the value of five nautical miles was selected, because around this value the adjacency effect could influence the accuracy of the satellite data, as demonstrated in [32,56].




2.4. Match-Up Analysis


For the comparison with AERONET-OC data, the average of a 3 × 3 pixel matrix, centered around the in situ station (similarly to [32]), was extracted from the processed PRISMA data. Given the variability in the characteristics of aquatic sites, the closest in time to PRISMA acquisition were extracted for AERONET-OC. According to [32,57], a ±1 h time window was considered, with the exception of some cases where the time window was extended to ±4 h, as there were no AERONET-OC data available closer in time. Nevertheless, the vast majority of match-ups for this study (78 out of 109) occurred within 1 h and more than half (60 out of 109) were within 30 min (Figure 2). A qualitative comparison of PRISMA and in situ reflectance, at their original spectral resolutions, was performed in the range of 440–900 nm. For the quantitative analysis, a set of descriptive statistics was calculated to assess the consistency between PRISMA L2d and in situ data: the root mean square error (RMSE), the spectral angle (SA), the median symmetric accuracy (MdSA) (%), and symmetric signed percentage bias (Bias) (%) [58]. MdSA and Bias were used rather than the common coefficient of determination (R2), as the latter is not always ideal in ocean color studies, which are often limited by sample availability (in accordance with [59]). The SA was used to determine how similar the shape of PRISMA spectra is to in situ data. The metrics used for the analysis were computed as follows:


  R o o t   M e a n   S q u a r e   E r r o r     s r   − 1     =      Σ (   x   i   −     y   i    ^  )   2     n     
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  M e d i a n   S y m m e t r i c   A c c u r a c y   %   = 100 ∗ (   10   Q   − 1 )  



(5)




where     x   i     is the in situ Rrs data,     y   i     is the PRISMA-estimated Rrs data, n is the number of concurrent observations of the match-up, M is the median,   Q = M       log   10    ⁡        y   i       x   i             and   Y = M     ( log   10    ⁡        y   i       x   i         )  . In order to perform the statistical analysis, the PRISMA bands closest to the corresponding bands of the multispectral configuration of AERONET-OC were selected.





3. Results and Discussion


This section shows the results obtained from the comparison between PRISMA L2d products and in situ measurements.



3.1. Qualitative Assessment


Figure 3 shows the site-based qualitative comparisons of the mean spectra and their standard deviations associated with PRISMA L2d and AERONET-OC data. Overall, depending on the water conditions and related optical complexity, satellite and in situ spectra of each site vary greatly in terms of the shape of spectral signature and their magnitudes [8]. The typical shape of turbid water spectra can be recognized among the various sites, for example in the cases of the Ariake Tower site [60] (average Chl-a = 6.35 mg.m−3), the Bahia Blanca site [61] (average Chl-a = 4.26 mg.m−3) and the South Greenbay site [62] (average Chl-a = 78 mg.m−3), which show the peak of reflectance in the green region (around 570 nm) and a secondary maximum peak around 700 nm (associated with the presence of phytoplankton blooms). The typical shape of clear water spectra can be detected in the sites of the Casablanca platform (average Chl-a = 0.26 mg.m−3), Venise (average Chl-a = 0.73 mg.m−3), and the USC Seaprism (average Chl-a = 0.69 mg.m−3) where Rrs spectra are higher in the blue region and generally tend to decrease after about 505 nm. In the case of the Palgrunden site in Lake Vänern, the optical dominance of CDOM can be noted, given the significant absorption of light in the blue to the yellow region [63,64]. For the Lake Erie site, the reflectance trough around 620 nm in the PRISMA L2d spectra could be indicative of the absorption maximum associated with the presence of phycocyanin (PC), pigment related to the presence of cyanobacterial algal bloom [65,66]. Atypical is the spectrum of Lake Okeechobee, where marked absorption and reflectance peaks can be noted especially in the PRISMA Rrs spectra. The peculiarity of the spectral signature of this lake could be due to its characteristics: a shallow lake, rich in near-surface sediment concentrations, and characterized by seasonal cyanobacteria blooms [3,67]. The maximum Rrs values are observed for the Bahia Blanca and Zeebrugge sites, where the Rrs spectra of PRISMA L2d and AERONET-OC are in both cases around 0.025 sr−1, while in other cases the values are lower, such as at the Galata platform and LISCO sites, where the Rrs values of PRISMA L2d and AERONET-OC are at most 0.010 and 0.006 sr−1, respectively. The highest quality PRISMA L2d spectra can be found in the case of the Palgrunden site, where there is good agreement both in terms of magnitude and spectral shape, apart from the 440 nm reflectance which is overestimated in the L2d spectrum. In some cases, however, there is only good agreement in terms of the spectral shape (PRISMA’s overestimation of magnitude, see, e.g., Ariake Tower and South Greenbay spectra). Only in a few cases there is poor agreement between the data, such as for Casablanca and San Marco platforms. It is also possible to see in some cases (e.g., Irbe Lighthouse, Venise, Socheongcho and Gustav Dalen Tower sites) that PRISMA L2d overestimated Rrs in the blue region, as also observed in [37]. These uncertainties could be related to the fact that for the Casablanca platform, Irbe Lighthouse, Socheongcho and Gustav Dalen Tower sites, the WPP is about 90%: since the ASI model used for the atmospheric correction relies on aerosol properties in encountered in terrestrial regions, this could lead to uncertainties in the estimation of the AOD, which subsequently influences the final reflectance products; in particular, there is an overestimation of the PRISMA Rrs spectrum compared to that measured in situ. For the San Marco platform, Socheongcho and Venise sites, PRISMA Rrs spectra are higher than in situ measurements, which could be due to sun-glint effects: in particular, this gap in the Rrs spectra is evident in the NIR region where the water signature decreases towards zero, especially in very clear waters [68]. It is also worth noting the unrealistic spectral variability at some of the sites (e.g., Casablanca, Galata platform). Such unphysical variability points to the presence of image artefacts (e.g., straylight), particularly in the blue portion of the spectrum and across sites with lower-magnitude spectra (i.e., either blue or organic-rich waters). The various peaks and troughs shown in PRISMA spectra may be partially due to the effect of an insufficient atmospheric correction, also highlighted in [37].




3.2. Quantitative Analysis


A more detailed single-band analysis was performed to gauge the quality of PRISMA L2d products across different spectral regions: the results of this analysis are shown in Figure 4. For each band, there was a different sample size (n), as AERONET-OC instruments have different spectral configurations [49]. In general, PRISMA L2d better agree with in situ spectra in the 490–709 nm bands compared to the NIR bands. From this analysis, however, it can be seen that PRISMA L2d does not present strong statistical agreement with the in situ data in the 443 nm band, and this could still be due to the fact that in the blue region, PRISMA L1 data may suffer from instrument artifacts or calibration issues [36,37]. Due to the poor agreement in the NIR region, the 779 and 865 nm bands were removed from the analysis. Overall, removing these two bands resulted in a change in the degree of statistical agreement between the data: SA changed from 17.5° to 15.3° and MdSA diminished from 82.1% to 66.7%.



In Figure 5, the spectral residuals of the entire dataset are presented in order to highlight where there is less deviation between the satellite data and the in situ measurements: residuals are expressed in terms of Rrs difference (residuals = Rrs PRISMA L2d − Rrs AERONET-OC) [41]. Referring to the mean and median (continuous and dashed line, respectively), the residual values are slightly higher in the blue and in the red spectral regions (especially when examining the mean line). Furthermore, the graph shows that usually when there is disagreement in the match-ups, it is due to an overestimation of the PRISMA Rrs spectrum compared to the in situ measurement.



Figure 6 shows the specific statistical results for each image in the dataset, displaying MdSA (%), RMSE (sr−1), and SA (°) metrics. Following the observations in the qualitative analysis (Figure 3), the quantitative analysis shows a high degree of agreement, for example, for the Bahia Blanca site (which shows the lowest SA values), the Palgrunden site (noted in particular in terms of RMSE), and the Lake Erie site (low RMSE and MdSA values). It should be noted that in some cases, there are low SA values and higher MdSA values, which could be due to spectra that have similar shapes but differ in magnitude (usually overestimating the Rrs spectrum of PRISMA compared to AERONET-OC), as in the case of the Ariake Tower site. This could be caused by several factors, such as an inaccurate estimation of the AOD. The Casablanca and San Marco platforms show low RMSE values, probably due to the low values of their Rrs spectra, but show MdSA values greater than 200%. In particular, the weak agreement obtained for the Casablanca platform site could be its offshore location, more than 20 nautical miles from the coastline, where a more viable water-specific atmospheric correction with built-in “maritime” aerosol models maybe more suitable. In the following graphs, the bars represent the SA (expressed in degrees), and the color represents the season (summer: October–March in the Southern Hemisphere and April–September in the Northern Hemisphere; winter: October–March in the Northern Hemisphere and April–September in the Southern Hemisphere).




3.3. Dependency on Ancillary Data


As mentioned in Section 2.3, considering the median value (3.6 mg·m−3) of Chl-a concentration available in AERONET-OC, 54 of the 109 images were associated with clear water types and 55 with productive waters. A better degree of statistical agreement was found in meso-eutrophic waters (Figure 7): SA = 12.4°, RMSE = 0.002 sr−1, Bias = 40%, and MdSA = 46% (for the clear waters: SA = 16.8°, RMSE = 0.004, Bias = 70%, and MdSA = 85%). This may be due to the fact that there is a higher water-leaving signal, making it less sensitive to uncertainties in the atmospheric correction, in accordance with [37]. This confirms that the underwater light field may influence the accuracy of satellite data, especially in coastal waters that are characterized by a large variability in optically components, especially CDOM and TSM caused by bio-geochemical processes, meteo-marine forcing (wind, currents and tides), as well as run-off from land and river inflows [69].



In Figure 8, box plots for the parameters of AOD, view zenith angle, sun zenith angle and DC are displayed. For lower AOD values, there is a higher degree of statistical agreement (SA = 15.2°, RMSE = 0.001 sr−1, Bias = 12%, and MdSA = 33%). Since the contribution of the atmospheric path radiance in the VNIR spectrum accounts for up to 90% of the radiance measured by the sensor (e.g., [70]), especially for higher AOD concentrations, a greater portion of the radiance may be absorbed by aerosols and, thus, not be recorded by the sensor. This can lead to alterations in the magnitude of the spectral signatures obtained from satellite images. Regarding the statistical analysis of the view zenith angle, no major changes were noticed from a static viewpoint. Only a very slight variation occurred for view zenith < 10.4° (increase in the degree of statistical agreement: SA = 15.4°, RMSE = 0.003 sr−1, Bias = 51%, and MdSA = 64%); this could be due to the calibration and validation of the sensors (usually limited to targets observed near nadir), since as the view angle increases, the quality of the satellite products degrades (as mentioned in [71]). In the case of the sun zenith angle, for values greater than 42.4°, a greater statistical agreement was noted (SA = 15.5°, RMSE = 0.002 sr−1, Bias = 35%, and MdSA = 57%), as also reported in [72]. This could be due to the fact that for lower sun zenith values during the summer period, there is a greater probability of the presence of sun-glint. In fact, the variation is mainly in terms of magnitude since the SA value is unchanged. A little change in statistical agreement was also observed in the case of the parameter relating to the DC: a higher degree of statistical agreement was observed for sites at a distance of more than five nautical miles from the coastline (SA = 15.1°, RMSE = 0.002 sr−1, Bias = 34%, and MdSA = 65%). This is most likely due to the adjacency effect for sites closer to the coastline (as mentioned in [32,49]).





4. Conclusions


This study reports an evaluation of PRISMA’s standard (L2d) reflectance products, atmospherically corrected through an automatic processor provided by the ASI. This effort considers a larger dataset than a study previously carried out at two aquatic sites (lake and coastal water) [37]. In this work, in situ data extracted from the AERONET-OC network were used as reference data for the evaluation of PRISMA L2d data. In total, 109 cloud-free PRISMA images acquired, synchronous with in situ data from July 2019 to July 2022 at 20 sites (17 coastal waters and 3 lakes), were analyzed. The results showed that the degree of accordance between PRISMA’s L2d products and AERONET-OC spectra depends on several factors, such as the trophic state of the water, atmospheric conditions, and observation and illumination geometry. For instance, it was observed that the statistical agreement slightly increased for higher Chl-a concentration and for lower AOD values. On the other hand, considering the imaging geometry conditions and coastline distances, slight variations in the statistical agreement were observed. It was also noted that at some sites, PRISMA L2d processing method retains the in situ spectral shape adequately but showed some additional peaks and troughs, which may be due to instrument artifacts, the presence of sun-glint, or uncertainties in estimating the atmospheric path radiance. For some spectra, the magnitude of the reflectance was overestimated. As the PRISMA atmospheric correction processor to generate L2d products was designed for terrestrial applications [43,44], it exploits the correlation between the reflectance in the SWIR region and the blue and red bands, affecting the AOD retrieval in scenes with a high percentage of water pixels. Hence, the uncertainties of the estimated reflectance for aquatic targets, particularly evident in the clear water sites, could also be present in coastal sites due to the presence of few land pixels in the scene [37]. A future study including the use of water-specific atmospheric correction algorithms (e.g., ACOLITE, [73]), more inland water sites, and the use of hyperspectral in situ datasets would be needed to identify optimal atmospheric correction processors [37]. For example, the testing of different water-specific atmospheric correction processors in the atmospheric correction intercomparison exercise (ACIX) [74,75], conducted by NASA and ESA in coordination with the validation group of the Committee on Earth Observation Satellites (CEOS), should provide relevant findings.
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Figure 1. Global map showing the 20 AERONET-OC sites considered in the study for the validation of PRISMA L2d data (blue dots represent coastal water sites, and green dots represent freshwater sites). n represents the number of PRISMA images acquired for each site, DC represents the distance from the coastline (expressed in nautical miles (nmi)), and WPP represents the average percentage of water pixels present in the scene acquired by PRISMA for each site. 
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Figure 2. Frequency distributions of estimated Chl-a concentration [32], measured AOD (550), absolute time lag between the acquisition of imagery and in situ spectra, view zenith angle, and sun zenith angle. The continuous vertical lines represent the mean value, while the dashed lines refer to the median value. 
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Figure 3. Comparisons of mean PRISMA L2d and AERONET-OC Rrs data. The variability in the mean spectra of PRISMA L2d is displayed in dark curves with the shaded grey area representing one standard deviation. The mean and standard deviation of AERONET-OC are equivalently shown in red. 
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Figure 4. Scatterplots between in situ and PRISMA L2d Rrs measurements, for each of the 12 bands considered (x-axis shows in situ data while the y-axis shows PRISMA L2d data). n represents the sample size. Scatterplots are shown in log-log scale and the dashed black line refers to the 1:1 line. 
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Figure 5. Residuals (Rrs PRISMA L2d − Rrs AERONET-OC) obtained from the difference between PRISMA L2d and in situ measurements, in terms of Rrs (sr−1). The continuous line represents the mean, while the dashed line represents the median. 






Figure 5. Residuals (Rrs PRISMA L2d − Rrs AERONET-OC) obtained from the difference between PRISMA L2d and in situ measurements, in terms of Rrs (sr−1). The continuous line represents the mean, while the dashed line represents the median.



[image: Remotesensing 15 02163 g005]







[image: Remotesensing 15 02163 g006 550] 





Figure 6. Statistical analysis to assess the accuracy of the data through representation of three different metrics: MdSA (%) and SA (°) on the principal axis, RMSE (sr−1) on the secondary axis. The SA is represented by the bars in the graph. The grey dots refer to cases where the MdSA value is over 200%. In the x-axis are reported the 20 different sites (using the acronyms shown in Figure 1). 
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Figure 7. Box plots referring to the Chl-a concentration (3.6 mg·m−3 represents the median value). The box plot in blue is representative of water types with clear water characteristics while the box plot in green is representative of phytoplankton-rich waters (i.e., with a Chl-a concentration >3.6 mg·m−3). The continuous line represents the median while the dashed line represents the mean. 
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Figure 8. Box plots referring to the AOD (0.082 represents the median value), view zenith angle (10.4° represents the median value), sun zenith angle (42.4° represents the median value) and Distance from the coastline (5 nautical miles represent a threshold value in accordance with [49]). The continuous line represents the median while the dashed line represents the mean. 
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