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Abstract

:

Remote sensing is a promising tool for the detection of floating marine plastics offering extensive area coverage and frequent observations. While floating plastics are reported in high concentrations in many places around the globe, no referencing dataset exists either for understanding the spectral behavior of floating plastics in a real environment, or for calibrating remote sensing algorithms and validating their results. To tackle this problem, we initiated the Plastic Litter Projects (PLPs), where large artificial plastic targets were constructed and deployed on the sea surface. The first such experiment was realised in the summer of 2018 (PLP2018) with three large targets of 10 × 10 m. Hereafter, we present the second Plastic Litter Project (PLP2019), where smaller 5 × 5 m targets were constructed to better simulate near-real conditions and examine the limitations of the detection with Sentinel-2 images. The smaller targets and the multiple acquisition dates allowed for several observations, with the targets being connected in a modular way to create different configurations of various sizes, material composition and coverage. A spectral signature for the PET (polyethylene terephthalate) targets was produced through modifying the U.S. Geological Survey PET signature using an inverse spectral unmixing calculation, and the resulting signature was used to perform a matched filtering processing on the Sentinel-2 images. The results provide evidence that under suitable conditions, pixels with a PET abundance fraction of at least as low as 25% can be successfully detected, while pinpointing several factors that significantly impact the detection capabilities. To the best of our knowledge, the 2018 and 2019 Plastic Litter Projects are to date the only large-scale field experiments on the remote detection of floating marine litter in a near-real environment and can be used as a reference for more extensive validation/calibration campaigns.
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1. Introduction


Floating marine plastics are a threatening problem for the world’s oceans. An increasing number of scientific publications evidence the issue [1,2]. Several studies aim to tackle the problem with information derived from observers on a cruise [3], the use of modeling [4,5,6,7,8,9], and remote sensing [10,11,12]. The need for an integrated marine debris observing system was presented by Maximenko et al. [13], while directions on the detection requirements are given by international groups and agencies [13,14,15,16,17,18].



Remote sensing is one of the tools necessary for the detection of floating marine plastics because of the extensive area coverage and frequent observation. An initial assessment of the observation requirements for measuring marine plastics from space was given by Martínez-Vicente et al. [11]. Although the remote sensing detection algorithms are immature, several studies have been working in this direction on optical and thermal modeling [19,20], on hyperspectral modeling and analysis [21,22,23,24], on drones or stable cameras [25,26,27,28,29,30,31], and with the direct use of satellite imagery [10,12,32]. Additionally, the use of marine floating indices derived from satellite images could offer a valuable monitoring tool [33,34,35].



While floating plastics are reported in high concentrations in many places around the globe, no referencing dataset exists either for understanding the spectral behavior of plastics in the real environment, or for calibrating remote sensing algorithms and validating their results. To tackle this problem, we decided to construct large artificial targets and to deploy them on the sea surface. The Plastic Litter Project (PLP) was first conducted in 2018 (PLP2018) as an explorative feasibility study on the detection of floating plastics in the aquatic environment using data acquired from unmanned aerial systems (UAS) and open-access satellite missions [10]. The project objective was to examine the visibility of the plastic targets from the Copernicus Sentinel-2 satellite and to simulate the coarse satellite pixel using the fine UAS resolution.



Hereafter, we present the second Plastic Litter Project, which was conducted in the summer of 2019 (PLP2019, all data can be found in Appendix A). The PLP2019 was scheduled for a two-month field campaign (May–June 2019), with 13 scheduled Sentinel-2 acquisition dates. Smaller targets were created in order to be closer to reality and to examine the limitations of the detection with Sentinel-2 images. The smaller targets and the multiple measurements allowed several observations, since the targets were connected in a modular way to create new configurations of different sizes, material composition and plastic coverage. To the best of our knowledge, the 2018 and 2019 Plastic Litter Projects are so far the only large-scale field experiments on the remote detection of floating marine litter in a near-real environment. The PLPs can be used as a reference for scaling up the validation/calibration campaigns for floating marine litter detection.




2. Materials and Methods


2.1. Targets Description


Two new types of targets were created for the PLP2019; one with 5 × 5 m size and one with 1 × 5 m size. With the first type, we were able to make several configurations on the sea surface and simulate different sizes and shapes, while with the second type we wanted to examine the detection limitations of elongated plastic targets, which simulate the litter windrows found in a real environment. Six targets were created for the first type and two targets for the second type. The targets consisted of PVC pipes with a 5 cm diameter, and in the 5 × 5 m targets, a cross bracing was used to strengthen the structure (Figure 1). On the cross center, we created a GPS housing and we mounted a GPS to get the exact location of the targets. This was the first time a GPS was included in the Plastic Litter Projects and it was found to be very efficient in cross-checking the position of the targets. Also, a plastic mesh with a 1.5 cm mesh size was attached to the frames as a base. The frame and the net were essential to prevent plastic loss in the sea.



The materials of the targets were 1.5-liter clear PET bottles (PET-1, polyethylene terephthalate), plastic bags (low-density polyethylene, LDPE), and in one case natural debris (reeds, Arundo donax). Each PET target consisted of 416 bottles (26 lines with 16 bottles each), and a nylon rope that was threaded through the bottom of the bottle and the bottle cap. PET bottles were used as a target material as they can be regularly observed floating in busy coastal waters and harbors, especially in touristic areas. In addition, PET bottles are a clean and easy to work with material that reduces chances of water contamination. The plastic bags targets consisted of large blue plastic bags, typical of household wastes, and they were attached to the PVC frame using nylon rope (Figure 1).



The targets were deployed into the water every five days, synchronized with Sentinel-2 acquisitions, and were removed after the satellite overpass. The site of the field experiments was the same as for PLP2018 [10], in the coastal waters of the island of Lesvos in Greece, in the vicinity of Tsamakia Beach in Mytilene. To simulate open water optical conditions, an effort was made to set the targets above seagrass meadows (Posidonia oceanica). This was decided in order to minimize the signal contribution of an otherwise bright seafloor, due to light-colored sediments.



Configurations and Plastic Coverage


The small size of the targets was convenient to generate many configurations due to their modular connection and create targets of different sizes and material composition. The targets’ plastic coverage was also modified during the experiment to simulate different marine debris concentrations and evaluate the effect on the detection capability. For PLP2019 five target configurations were created:




	
The four 5 × 5 m targets were placed in line, forming a large 5 × 20 m target, with half covered with plastic bottles and half covered with plastic bags. The targets had 100% plastic coverage (date of configuration 18/4/2019).



	
Each of the four 5 × 5 m targets was placed separately at a large distance from the rest. Two targets were covered with plastic bottles and the other two with plastic bags. Their coverage with plastic was 100%. Additionally, two elongated 1 × 10 m targets were constructed; one with plastic bottles and one mixed (with plastic bags and only the white plastic mesh) The two elongated targets were also 100% covered with plastics (date of configuration 3/5/2019).



	
The four 5 × 5 m targets were placed in pairs and formed two large 5 × 10 m targets; one with plastic bottles and one with plastic bags—the two targets were 75% covered with plastics. On the same day, a smaller 2 × 5 m target was formed, containing 100% plastic bottles (date of configuration 18/5/2019).



	
As in the previous case, the four 5 × 5 m targets were placed in pairs and formed two large 5 × 10 m targets, one with plastic bottles and one with plastic bags. This time the plastic coverage was reduced to 50%. Also, the smaller target (2 × 5 m) again had 100% coverage with plastic bottles (date of configuration 28/5/2019).



	
The four 5 × 5 m targets were placed together, forming one large 10 × 10 m target, half covered with plastic bottles and half with plastic bags. However, the plastic coverage of this large target was 25%. The smaller target (2 × 5 m) again had 100% coverage with plastic bottles. Additionally, a new 5 × 10 m target was created, which was fully covered with natural reeds (100% coverage) (date of configuration 7/6/2019).










2.2. Satellite Data


The PLP2019 was designed to run for the two months of May–June 2019. Since Sentinel-2 overpasses the Tsamakia Beach every five days, we planned for 13 measurements in total. Also, one measurement was made in April 2019, which served as a rehearsal for the following months. Unfortunately, due to clouds and bad weather, only five Sentinel-2 satellite images captured the test site in good weather conditions. On the remaining days either clouds prevented capture of the study area, or high wind-waves prevented the deployment of the targets. For all acquisition dates, Level-1C and Level-2 Sentinel-2 images were downloaded from the Copernicus Open Access Hub and archived.



The known geometric quality of the Sentinel-2 data is about a 10 m pixel [36]. For ensuring good positioning accuracy, a high-resolution orthophoto map created in PLP2018 (~0.03 m) was used as master image for improved geo-referencing of the Sentinel-2 images (~10 m). Uncertainties of the final positioning of Sentinel-2 were not thoroughly examined due to a lack of ground control points; however, we assume a value of 5 m (0.5 pixel of Sentinel-2).



The Level-1C data were atmospherically corrected using ACOLITE v. 20190326.0 (available at: http://odnature.naturalsciences.be/remsem/software-anddata/acolite/). ACOLITE is an open-source atmospheric correction and sun glint removal software, originally developed for aquatic scene processing of turbid waters [37]. Atmospheric correction with ACOLITE can be performed using two different correction methodologies; through an exponential extrapolation function (EXP) or a dark spectrum fitting (DSF) algorithm [38]. The DSF methodology is preferred over the EXP algorithm, since EXP assumes zero water-leaving reflectance in the SWIR bands and attributes any SWIR signal to Rayleigh and aerosol scattering, which can often be a false assumption. This is especially prevalent in the presence of sun glint, which is very common in nadir-viewing satellites such as the Sentinel-2, as well as in the case of adjacency effects. The DSF algorithm, which was used in this study, works by using two main assumptions to estimate the atmospheric path reflectance: i) the atmosphere is homogeneous over a certain extent; and ii) the scene contains pixels with zero reflectance, in at least one of the sensor bands [39]. By assuming zero reflectance in a reference band (usually a NIR or SWIR band), the glint signal can be estimated and computed for the other bands. ACOLITE estimates the glint signal in both SWIR bands (as in Harmel et al., 2018), with the band giving the lowest estimate for the glint signal being used to avoid negative reflectance values in the other Sentinel-2 SWIR band [40]. In addition to atmospheric correction, ACOLITE performs cloud masking using the 1600 nm band. A crude land mask was also applied using the NIR band at a reflectance threshold of 0.1. No ancillary data were used for the atmospheric correction processing. ACOLITE was used in this study instead of the default SEN2COR algorithm for S-2 products, due to results from Topouzelis et al. (2019) indicating that SEN2COR produces higher reflectance values for water constituents, which could interfere with floating plastics detection. However, since differences in the bottom-of-atmosphere reflectance can vary significantly between the two AC methodologies, further studies and intercomparison campaigns are needed in order to assess the suitability of different atmospheric correction algorithms using high-quality in situ measurements.




2.3. Unmanned Aerial System (UAS)


The use of UAS is crucial for calculating the actual position of the targets and is necessary for calculating the plastics coverage in the Sentinel-2 pixels. For each day that targets were deployed on the sea surface, a UAS captured their position. It is essential for the UAS capture to coincide with the satellite acquisition, due to the fact that the targets, despite being anchored, are not in a stable position. Due to wind, waves, and currents they can move or tilt, up to some meters, which is problematic for precise positioning and therefore plastic coverage calculation on Sentinel-2 pixels.



During PLP2019, effort was made for the UAS images to be captured simultaneously with Sentinel-2 acquisition. However, this was not achieved on all the experimental days due to several technical problems. In general, the UAS images had a time difference with the Sentinel-2 images of over 30 minutes (Table 1). We believe that this difference does not seriously affect the position of the targets and any displacement of targets is not significant for the final plastic coverage calculation.



In PLP2019 a DJI Phantom 4 drone was used, equipped with a 12.4 M pixel camera, capturing 4000 × 3000 pixel images. This UAS has a GLONASS satellite positioning system, which provides a vertical accuracy range of ±1.5 m. The UAS flight height was around 100 m above the sea surface, and the produced spatial resolution of the images was 3–4 cm. The Phantom 4 was selected in preference to larger drones with DGPS capabilities due to its small size, extensive flight time and flexibility in the field. Also, from PLP2018, we understood that no orthophoto maps of the larger area were needed. Only the target area needed to be captured and positioned accurately in space. Accurate positioning is achieved by georeferencing the UAS images with a high-resolution orthophoto map created in PLP2018. For all UAS images, known ground control points (GCPs) on the beach and on coastal habitats are used. The UAS georeferencing was very successful, with a mean positioning error of less than 15 cm. However, the need for GCPs located on the beach forced the drone team to capture images with an oblique view in most cases. This distortion was later evident in the calculation of the actual size of the targets. To ensure the actual positioning of the targets, GPS signals of the targets were overlaid on the georeferenced images. The mean positioning error between the GPS and the georeferenced images was less than 0.5 m, which is assumed satisfactory considering the vertical accuracy of GPSs.



The data used in this study, i.e., the Sentinel-2 L1C granules catalogue, Sentinel-2 L2 subsets (after pre-processing with ACOLITE) and the percentage plastic presence for each Sentinel-2 pixel, can be downloaded from the University of the Aegean’s Marine Remote Sensing Group web page http://mrsg.aegean.gr and from ZENODO database (https://doi.org/10.5281/zenodo.3752719). Annex A contains the description of the available dataset.




2.4. Methodology-Detection Perspective


The methodological framework for the detection of floating marine plastics is in its infancy. Several parameters influence the detection—i.e., atmospheric correction, white caps, sun glint, clouds, cloud shadows, waves, and plastic concentration—and we are still far from being able to rely on an accurate detection algorithm. Here, we develop a methodology to calculate the presence of plastic in the Sentinel-2 pixel with the use of UAS images (Figure 2). Then we examine the spectral behavior of the pixel according to the plastic coverage, and we use spectral unmixing and matched filtering techniques to ensure the connection of lab spectral signatures with the natural environment. As a third step, we examine the use of the developed methodology as a proxy for litter detection in larger areas.



2.4.1. Plastic Coverage and Spectral Behavior on Sentinel-2 Images


Sentinel-2 images were georeferenced with the use of a high-resolution orthophoto map. Although no sensitivity analysis was performed on the positional accuracy, in all cases except one (the 20190503 image), the percentage differences in the plastic coverage before and after the georeferencing was negligible, i.e., 0–2%. This finding can lead us to the assumption that, in most cases, the Sentinel-2 geometric accuracy is high enough, and no further georeferencing is necessary for the plastic detection.



For each Sentinel-2 pixel containing plastic, we calculate the percentage plastic coverage, and we extract the spectral data. The pixel coverage was determined through object-based image analysis. Initially, a region of interest (ROI) was determined in each Sentinel-2 image in order to isolate the study area. Then the ROI of the Sentinel-2 and UAS data was inserted in the eCognition Developer 9.5.1 software and, through a multiresolution segmentation (using scale: 140, shape: 0.1, compactness: 0.9) and manual classification, targets were classified in the UAS layer. Each plastic target was coded with a capital letter (e.g., A, B, C) and each Sentinel-2 pixel was numbered accordingly (e.g., A1, A2, …, Ax). Then, the percentage of plastic coverage was extracted for each pixel of Sentinel-2 based on its relation to UAS sub-objects (Figure 3). The spectral behavior of the plastic targets was further investigated by extracting and analyzing the values of the relevant pixels in comparison with the clear surrounding waters.




2.4.2. Spectral Unmixing and Matched Filtering


Linear spectral unmixing is routinely used with hyperspectral data, in order to decompose the spectral signature of a mixed pixel into a set of endmembers and their corresponding abundances. The theoretical basis behind the approach is that given a mixed pixel comprising different materials/endmembers with different spectral signatures, the spectral signature of the pixel will be a mix of different signatures described by a linear relationship, based on the abundance fractions of the materials. If the individual spectral signatures are known, the pixel abundance fractions can be calculated. Although spectral unmixing generally requires a large number of bands, and is therefore used mainly with hyperspectral data, a smaller number of bands can also be used, provided that the available number of bands is larger than the number of pixel endmembers. Equation (1) shows the simple linear mathematical expression that describes the theory behind spectral unmixing given two-pixel endmembers; where Rmix is the mixed pixel reflectance for wavelength λ, fp, and fw are the plastic target and seawater endmember abundance fractions respectively, and Rp and Rw are the reflectances for the plastic target and seawater endmembers for wavelength λ, respectively.


   R  m i x    ( λ )  =  f p  ×  R p   ( λ )  +  f w  ×  R w   ( λ )       



(1)







In this study, we used an inverse spectral unmixing approach (Equation (2)), where the pixel abundance fractions are the known variables, and the target spectral signatures are the unknown variables. Since no pure pixels that are solely composed of floating marine plastics are present in any of the images acquired during PLP2018 and 2019, it was not possible to directly acquire a spectral signature for the marine plastic targets. Through the inverse spectral unmixing process, we can estimate the spectral response of the marine plastic targets, without the need for a pure pixel.


   R p   ( λ )  =    R  m i x    ( λ )  −  f W  ×  R W   ( λ )     f p     



(2)







For the inverse spectral unmixing process, we used the pixel percentage coverages that were calculated for PLP2018 [10]. The abundance fractions for each pixel and the spectral signature for seawater are inserted in the rearranged Equation (2), which produces the spectral response of the target materials for each wavelength that is used. The small size of the targets indicates that only the four 10 m bands of Sentinel-2 can be used in the spectral unmixing process, since the 20 m band pixels are not sufficiently covered by the target materials to produce a proportionately relevant response. In this approach, only the PET target pixels were used for the calculation of the spectral signature, because they gave the highest response compared with the plastic bag and net targets. In addition, no spectral signature for blue LDPE bags could be found in the published literature. For the seawater signature, we used both the signature from the surrounding waters and the spectral signature for coastal waters from the USGS spectral library v.7 [41]. With both signatures yielding similar results, the USGS signature for coastal waters was used for consistency in all calculations.



Matched filtering (MF) is a process commonly used in a variety of applications in order to detect the presence of a known signal or signature, in a mixed signal of unknown components and/or noise [42,43]. In image processing, matched filtering can be used to calculate the abundance of a known endmember by essentially performing a partial unmixing, without the need to define all the endmembers present in a pixel. Much like linear spectral unmixing, MF uses a linear model for subpixel analysis, but removes the requirement to determine all the endmembers by maximizing the response of a known endmember and suppressing the signal of the unknown background. ENVI v5.5.2 was used to perform the spectral unmixing and matched filtering processing.






3. Results and Discussion


3.1. Plastic Coverage Calculation


In Figure 3, an example of the percentage plastic coverage of Sentinel-2 pixels is given for the 20190418 image. The UAS image is used as a base map and the Sentinel-2 pixels are overlaid as a grid. For each pixel with plastic, a dedicated name is visible. Next, the UAS image is segmented in eCognition Development 9.5.1 software with a multiresolution segmentation algorithm and the segments are manually classified into three categories: sea, bottles, and bags. The image segmentation result in relation to the Sentinel-2 grid led to the percentage calculation of the plastic coverage for each pixel. In Figure 3, the A1 and A6 pixels do not contain plastic, the A4 pixel is 38% covered with plastic bags and 62% is sea, the A3 pixel contains 18% plastic bottles and 82% sea, and the A5 is a mixed Sentinel-2 pixel with 18% bags, 15% bottles, and 57% sea.




3.2. Spectral Behavior of the Plastic Targets


Most target pixels from all acquisition dates have a similar spectral response, with differentiation mostly in the intensity but not the shape of the signal. However, the plastic bags targets were significantly wetted or even slightly submerged when deployed at sea. Wet materials produce a significantly lower response than dry materials [24] and in addition, with the blue color of the bags, the 5 × 5 m plastic bags targets did not produce a spectral response that was discernible from the water background and therefore were not further examined. All the primary target pixels—those with the highest response and hence the greatest plastic abundance fractions—show significant spectral similarities, with spectral angles of less than 10° (varying between 3° and 9°). Figure 4 presents an example of spectral signatures of pixels containing part of the plastic targets. The four signatures shown correspond to the four pixels that were detected through the matched filtering processing. The reflectance peaks were in the NIR and visible range, with a downward slope from the blue 443 nm to the red 665 nm bands. This is in contrast with the fact that most non-colored plastics have an almost flat spectral response across the visible range of the electromagnetic spectrum, with distinct and characteristic absorption bands in the NIR and SWIR range [24]. This inconsistency can be attributed to several factors.



First and foremost, the Sentinel-2 spatial resolution of the RGB and NIR bands is higher (at 10 m) than the other bands (20 m and 60 m resolution). Hence, the targets’ size and position in the image matrix play a significant role in the spectral response that is acquired, as the higher spatial resolution of the RGB and NIR bands makes them more sensitive to smaller targets. In theory, if the artificial targets were of a large enough area to cover a 20 × 20 m pixel, the spectral response of the PET targets would be expected to be almost flat, with a slight upward slope from blue to red wavelengths and dips in the SWIR range due to the absorption features of the material [41]. Also, both seawater and bottom reflectance contribute to some degree to the spectral response of the target pixels. The weak seawater signal generally peaks at the blue range of the spectrum, with coastal waters presenting some variation due to increased optically active constituents (e.g., chlorophyll, suspended matter, etc.). Although effort was made for the targets to be placed on top of seagrass meadows for simulating a dark substrate, bottom reflectance is still present in the overall signal, as the water column between the targets and the seafloor was not optically deep. Both these factors contribute to the target pixels’ signal, altering the response in the visible range of the spectrum.



Other parameters have also been identified as having an impact on the spectral response of the target pixels or the detection capabilities. Sun glint, a significant implication regarding marine remote sensing applications, is a major confining factor regarding marine plastic detection. The nadir-viewing geometry of the Sentinel-2 satellite makes it especially susceptible to sun glint [40]. In combination with the acquisition time over the Mediterranean (close to solar noon) and the acquisition dates (spring and summer), all of the acquired images are to some degree contaminated with sun glint. Sharp glint cannot be corrected for, and pixels dominated by a high glint signal need to be masked out from further analysis using simple geometric calculations based on sun and viewing angles and/or brightness thresholds. Weak glint, on the other hand, can be corrected for, with most deglinting algorithms using the NIR or SWIR bands to perform the correction [40,44]. The sun glint removal algorithms are based on the assumption that seawater absorbs all infrared radiation; hence any water-leaving reflectance in the NIR and SWIR regions of the spectrum can be solely attributed to sun glint. Much like a dark spectrum fitting algorithm for atmospheric correction, the deglinting algorithms use the lowest NIR or SWIR value as reference and correct all pixels above that value, as they are identified as pixels affected by glint. This process works fine in applications where the NIR and SWIR response can indeed be solely attributed to sun glint. However, floating marine plastics produce a significant response in the NIR and SWIR regions of the spectrum, which can be highly important in terms of detection capabilities. Hence, correcting for glint using the NIR or SWIR bands as reference would inevitably also alter the signal of any pixel that contains marine plastics, even if that pixel is not affected by sun glint.



Besides sun glint, a second affecting factor inherent in marine remote sensing applications is the introduction of bidirectional reflectance effects in Sentinel-2 data. This effect is due to the configured operation of the sensor detector, which is more evident over the ocean due to water’s inherent optical properties [45]. Kremezi and Karathanassi showed that the bidirectional reflectance distribution function (BRDF) effects are more prevalent for the detectors further away from the nadir-viewing sixth and seventh detectors. In the present study, the pixels of interest were on the interface of the fourth and fifth detector footprints, which are shown to have minimal BRDF effects. As such, it was deemed that there is no need to perform a BRDF correction. However, the BRDF effects, while minimal, could significantly impact the spectral response of the targets and hence the detection capabilities and results. Consequently, it is considered necessary to further evaluate the BRDF effects over water bodies in Sentinel-2 images, specifically for marine plastics detection.



In addition, since marine plastics concentrations produce a weak signal, a high signal-to-noise ratio (SNR) is considered necessary for the accurate detection of floating marine plastics [11]. Thus, it is essential to assess the detection capabilities of the Sentinel-2 satellite based on each band’s SNR, in order to evaluate the minimum concentrations that can be accurately detected without a large number of false positives. This assessment is also essential in order to determine an appropriate SNR for further missions specifically targeted for marine plastics detection.




3.3. Spectral Unmixing and Matched Filtering


Initially, the spectral signature for PET from the USGS spectral library v.7 [41] was used as the primary endmember to perform a linear spectral unmixing algorithm on the PLP2018 image, i.e., the 20180607 image. The results showed that using the USGS PET signature significantly underestimated the abundance fraction of the PET target pixels in the 20180607 image, when compared to those in Topouzelis et al. [10]. For this reason, we performed a reverse spectral unmixing process using the four pixels that contained PET concentrations in the 20180607 image, as described in 2.4.2. In theory, we would expect that all four pixels would yield the same response for the four 10 m bands, in essence producing a single signature characteristic of the target material. However, the results varied significantly in the three RGB bands, but were very similar for the NIR band. This observation is attributed to two main factors. Firstly, although efforts were made to set the targets on top of a dark substrate, the water column between the targets and the seafloor was not optically deep. As a result, bottom reflection affects the overall pixel signal, and therefore the derived spectral signatures are not consistent in the visible bands. Secondly, since water absorbs almost the entirety of infrared radiation in the NIR band, the NIR response can be solely attributed to the target materials (provided that no significant glint is present in the area of interest, which could affect the NIR response). The above statement is supported by the fact that the reverse spectral unmixing calculations produce very similar values in the NIR band for all pixels affected by the PET target. To produce an applicable signature for further processing, the USGS signature for PET was modified by reducing the intensity of the signal so that the NIR reflectance value matches the one that was calculated through the reverse spectral unmixing methodology. The produced signature was then used to perform a linear spectral unmixing calculation in order to verify the applicability of the PET signature using the PLP2018 data. Although the abundance fractions were underestimated for some pixels, the spectral unmixing results were very similar to those obtained through the UAS orthophoto and hence the spectral signature was deemed suitable to be used for the matched filtering processing.



The matched filtering processing was applied to all six images acquired through the 2018 and 2019 PLPs, to assess the capability to use this methodology for the purposes of detecting and quantifying floating marine plastics. Figure 5 presents the results of the matched filtering methodology applied to subscene cutouts of the six Sentinel-2 products. The matched filtering methodology underestimates the abundance fractions of the mixed pixels in the 20180607 image (from 24% to 66%); however, the overall results match the degree of coverage (i.e., pixels with higher plastic coverages are correctly identified as having higher coverage than pixels with lower coverages). Although the matched filtering methodology has been applied using only the PET signature, pixels containing part of the mesh or the bags targets from PLP2018 can also be identified, with lower abundance fractions than those calculated through the UAS images. Therefore, a bulk signature could potentially be used for the detection of a variety of floating marine plastics. The results indicate that the matched filtering methodology can be successfully applied (using the modified USGS signature for PET) for detecting pixels with an abundance fraction of PET of at least as low as 25%. For instance, in the 20190503 image a single pixel can be detected, which corresponds at most to a 25 m2 plastic target on a 100 m2 pixel, assuming the target is captured in a single pixel. The second PET target however is not detected, most likely since the 5 × 5 m target is positioned in such a way that the plastic concentration is distributed over several pixels.



This observation is supported by the 20190518 results as well, where two pixels corresponding to the targets can be identified. The percentage coverage of the targets for that date was 75%, and hence the maximum abundance fraction for a single pixel can be 37.5%. Since two pixels are identified, this translates to less than 20%-pixel coverage for PET. However, the mesh below the bottles affects the signature, and hence the abundance fraction of PET is slightly overestimated. The bottom part of the 20190518 subscene is contaminated with low clouds and/or a high aerosol content that have not been corrected for with the atmospheric correction processing. Hence, a procedure to remove pixels that are profoundly affected by atmospheric parameters is needed.



Weak wave glint can affect the matched filtering results, overestimating the presence of PET in a pixel, but this effect does not seem to produce abundance fractions that are higher than 10–15%. Therefore, weak sun glint can be mitigated by using an appropriate threshold based on the degree of glint contamination. More intense glint, as in the case of the 20190528 image, has a significant impact on the capability to correctly estimate the PET abundance fraction, because the glint signal markedly alters the water-leaving reflectance. The glint correction methodology applied through ACOLITE did not sufficiently mitigate the effect of sun glint contamination in the area of interest, and the target pixels were not detectable through the matched filtering processing. It is unclear, however, if a larger 10 × 10 m target would be detectable regardless of glint contamination. In the case of the 20190607 image, although the PET and bags target is 10 × 10 m, the fact that the coverage of the target has been reduced to 25% prevents the detection of the target pixels, given the 10% threshold. The pixels that are marked as containing PET abundance fractions at the right end of the image correspond to pixels that are affected by weak wave glint and produce an abundance fraction slightly higher than the set threshold of 10%. The reeds target pixels are marked as if they contain a large abundance fraction of PET (higher than 15%). This result is consistent with the higher signal that these targets produced, and indicates that it is not possible to distinguish between plastic and natural marine debris using the matched filtering methodology alone, at least not without using a second endmember for natural debris. The presence of plastic bags in a mixed pixel is interpreted as a lower PET concentration from the matched filtering processing. This observation indicates that a bulk floating marine plastics signature can be used to assess the presence of a variety of marine plastic types.



When the matched filtering methodology is applied to a larger coastal area, all the pixels close to the coastline are identified as containing PET abundance fractions due to the bottom reflectance influence. This observation indicates that besides the use of a land mask, the detection methodology must remove the pixels that are most affected by bottom reflectance. This removal could be achieved by using a geographically based land mask that is buffered to mask out all pixels that are affected by bottom reflectance. Figure 6 shows an example of the matched filtering results when the methodology is applied to a complete Sentinel-2granule product. For the 20190418 image, the results show that four pixels containing floating marine plastics can be successfully identified. This image is not significantly affected by wave glint, and the effects of bottom reflectance lead to the entire coastline being marked as containing floating marine plastics abundance fractions. Other false positives include mainly vessels, exhaust fumes, cloud shadows and outlines.



All the above-identified factors—namely, sun glint, clouds, cloud outlines, cloud shadows, bottom reflection, vessels, and exhaust plumes—are factors that can significantly affect the matched filtering results. Hence, these effects will need to be mitigated for the methodology to be successfully applied as a floating marine plastics detection process. However, the matched filtering methodology can be applied in tandem with separate detection processes using different methodologies to provide floating marine plastics quantification capabilities.





4. Conclusions and Outlook


Atmospheric correction and sun glint removal play a vital role in the plastic return signal, and therefore in the detection efficiency. Although ACOLITE is used in this paper for both atmospheric correction and sun glint removal, further studies need to evaluate the suitability of atmospheric correction methodologies specifically for floating marine plastics detection applications. Hence, in situ measurements using field spectrometry, which can be performed during campaigns such as the PLPs, are crucial, as they are a prerequisite for the assessment, calibration, and validation of atmospheric correction methodologies such as SEN2COR, C2RCC, and iCOR. In addition, glint correction is an essential pre-processing step when dealing with aquatic scenes acquired with nadir-viewing sensors, and this includes floating marine plastics detection applications. However, present glint correction algorithms that use the SWIR or NIR bands inevitably interfere with the plastics signal, compromising the detection of floating marine litter. Due to the non-zero signal of plastics in the NIR and SWIR part of the spectrum, pixels that are not affected by glint but contain floating plastics would be corrected for glint, reducing the signal intensity. In this context, the development of a glint correction methodology that does not interfere with the presence of floating plastics in a pixel would be a major improvement. Alternatively, a detection methodology that is not affected by the presence of glint would render the deglinting process redundant.



The precise location of the targets and their observations (i.e., UAS and Sentinel-2 images) is crucial for quantitative assessment. Targets should contain two GPS with the highest available positioning accuracy so as to understand their orientation. UAS aerial images should be acquired simultaneously with satellite acquisition with the smallest oblique distortion, in order to avoid complications during image georeferencing. This synchronization is vital for mutual comparison purposes and for ensuring the actual pixel coverage of Sentinel-2 images. Similar to the plastic targets, UAS should be equipped with a DGPS positioning capability to ensure the positioning accuracy of the aerial images. Additionally, ground control points should be used in the study area to cross-validate the positioning of both the targets and the aerial images. Sentinel-2 images have a good georeferencing with circa a single 10 m pixel geometric position; however, large control points in the coastal area can further improve their positioning accuracy.



Given proper weather conditions (i.e., relatively calm seas, low glint contamination, minimal cloud cover), the methodological approach described here can be used to successfully detect pixels with a PET abundance fraction of at least as low as 25%. The results show that, when using the PET signature, the methodology overestimates the abundance fraction of pixels containing part of the reeds target and underestimates the fractions of pixels contaminated with plastic bags. This inconsistency suggests that the methodology may not be suitable for differentiating between different types of floating debris, at least not without using more bands and endmembers to perform the analysis. However, the detection of all types of targets using the PET signature suggests that a bulk signature can be used for the detection and quantification of floating marine debris. Hence, the production of a characteristic floating plastic spectral signature is essential for further development. Towards this goal, future experimental campaigns should focus on the acquisition of reference images with characteristic marine plastics for producing a relevant bulk signature.



Another prerequisite is the construction of artificial targets with an effective area large enough to guarantee at least a full coverage of a 10 × 10 m Sentinel-2 pixel, regardless of target orientation. A full pixel coverage is essential to guarantee a meaningful reference signature which can be used as-is, without the need to perform inverse spectral unmixing calculations. Additionally, a target size that would guarantee full coverage of a 20 × 20 m pixel would also allow for proper analysis of the SWIR and red edge target signals. These wavelengths are significant for detection capabilities, as well as the assessment of atmospheric correction and glint correction methodologies.



Besides the target dimensions and materials, an essential requirement is a high number of data acquisitions. Future campaigns should work towards the deployment of semi-permanent targets that allow for continuous data acquisition without the need for target re-deployment, in order to reduce the logistical needs and increase the data acquisition capabilities. Field campaigns such as the PLPs can provide the necessary ground-truth data that are an essential requirement for the calibration and validation of floating marine debris detection methodologies, as well as the assessment of future mission requirements such as sensor SNRs and radiometric resolutions. While the target sizes, composition, deployment site, and conditions can vary, it is of vital importance that similar campaigns are developed and executed all over the globe.



Further calibration and validation studies such as the PLPs, along with the evolution of the proposed and other detection methodologies to an operational stage, are a necessary step for the development of a global marine debris monitoring system. Such a monitoring system would represent a significant tool for the calculation of a floating plastic litter mass budget, alongside more traditional methods such as surface trawling and modeling. Perhaps more importantly, an automated global- and local-scale monitoring system would enable specialized targeted marine debris removal campaigns, allowing for timelier and less costly and resource intensive approaches. A timely removal of plastic marine debris would prevent sinking of otherwise buoyant litter due to biofouling, as well as degradation of macroplastic items into microplastics, after which their removal is very difficult and the impact to the environment much graver.
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Appendix A. Description of Shareable PLP2019 Data Set


The data used for the present study can be downloaded from the University of the Aegean’s Marine Remote Sensing Group web page https://mrsg.aegean.gr/ and from ZENODO database (https://doi.org/10.5281/zenodo.3752719). The dataset contains:




	
Sentinel-2 L1C granules catalogue in a word document named: “PLP2019 Sentinel-2 Image Catalogue”,



	
Sentinel-2 L2 subsets after pre-processing with ACOLITE i.e., after atmospheric correction, sun glint removal and land making. Data are given in netCDF format (.nc) in a folder named “S2_satellite_images_nc”,



	
UAS images with the plastic targets for each date. UAS images are organised in the folder named “UAV_photos”,



	
Point vectors with percentage plastic presence for each Sentinel-2 pixel in the folder “Vector_Points”. Point vectors are given in ERSI vector and are organised by the acquisition date. Also, for each date an Excel file is provided to locate and describe the name of the actual pixel.
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Figure 1. Schematic representation of the 5 × 5 m plastic target with the different materials used as reference debris. For schematic purposes each quadrant presents the way of the litter placement in a full target. The fourth quadrant illustrates the connection of the frame and the litter attachment. 
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Figure 2. Flow diagram on the developed methodology on percentage plastic coverage calculation using UAS and Sentinel-2 datasets and on detection techniques. 
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Figure 3. Example of the plastic coverage calculation using UAS data on a Sentinel-2 image from 18th April 2019. (a) UAS image overlaid with Sentinel-2 pixel grid; (b) Sentinel-2 pixels names with UAS data transparency; (c) object based classification of plastic bags (blue), plastic bottles (white), and sea (cyan); (d) percentage calculation of the plastic presence in each Sentinel-2 pixel. 
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Figure 4. Spectral signature of the four detected target pixels on the 20190418 experimental date. The four Sentinel-2 pixels contain different percentage plastic coverage and are illustrated in the first row of Figure 5. 
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Figure 5. Target description and results. From left to right: description of the artificial targets configuration, UAS reference images, Sentinel-2 sub scenes after ACOLITE pre-processing, and results of the matched filtering detection. 
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Figure 6. Example of the matched filtering results in a complete Sentinel-2 product for the 18 April 2019 image. A cutout of the plastic targets pixels that are detected is shown in the middle right part of the image in the bold white square. Areas indicated with ‘A’ represent commission errors due to cloud outlines and shadows; ‘B’ false detection of vessels, wakes and exhaust fumes and ‘C’ false detection of pixels contaminated with intense sun glint. Almost the entire coastline is falsely classified due to bottom reflectance and/or adjacency effects. 
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Table 1. Time difference between Sentinel-2 acquisition and UAS acquisition.
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	Date

(yyyymmdd)
	Approx. Sentinel-2 Acquisition

(Local Time)
	UAS Acquisition

(Local Time)
	Time Difference





	20190418
	12:00
	13:46
	1 hr and 46 minutes



	20190503
	12:00
	11:34
	26 minutes



	20190518
	12:00
	11:27
	33 minutes



	20190528
	12:00
	12:51
	51 minutes



	20190607
	12:00
	11:30
	30 minutes
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