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Abstract: Marine plastic litter has become a global challenge, affecting all regions of the planet, with 

massive plastic input to the marine environment every year. Novel remote sensing methods can 

greatly contribute to face this complex issue with their ability to provide large-scale data. Here we 

present experimental tests exploring the potential of the hyperspectral fluorescence LIDAR 

technique for the detection and characterization of plastics when plunged into a layer of natural 

water. The experiments were carried out in the laboratory by using an in-house developed 

fluorescence hyperspectral LIDAR with 355 nm excitation from a distance of 11 m on weathered 

commercial plastic samples plunged into natural water. Results showed the capability of the 

technique to detect the fluorescence features of several types of plastics, also when plunged into 

water, and to decouple it from the fluorescence due to colored dissolved organic matter and from 

Raman scattering due to water molecules. Discrimination of plastics against other marine debris, 

e.g., vegetation and wood, has also been discussed. The study lays a basis for fluorescence LIDAR 

remote sensing of plastics in marine environment and paves the way to the detection of MPL also 

in conditions (e.g., submerged or transparent plastics) that are likely to be challenging by using 

other passive remote sensing techniques. 
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1. Introduction 

Marine plastic litter (MPL) has become a global challenge, affecting all regions of the 

planet from the remote Antarctic and Arctic regions [1–5] to coastal areas and beaches of 

densely populated countries [6], yielding unprecedented impact on marine life, maritime 

industries, leisure activities and human health [7–9]. On the other hand, the investigation 

of the MPL issue has revealed itself to be increasingly complex and challenging. This is 

reflected also by a growing effort in the scientific community in terms of research and 

development studies, as testified by the large amount of papers published on this topic, 

reaching more than 3000 papers in the 2015–2020 period [10]. 

Plastics production has been growing incredibly fast, with an increase in the last 

years from 335 million tons in 2016 to 368 million tons in 2020. Only in 2021, there was a 

slight decrease due to the COVID-19 pandemic with a global production of 367 tons [11], 

with estimated input to the marine environment between 6 and 13 million tons every year 

[12,13]. Since it was found that there was a general discrepancy between the expected 

amount of plastics to have entered the marine environment and the actual estimate of 

MPL based on collected data, several works have suggested coastline and seafloor as 

possible sinks [14,15]. 

In general, MPL in the ocean can vary in type, shape, dimensions, chemical 

composition and buoyancy to a large extent [16–18]. Although most of it is originated 

from land, MPL is further fragmented by the action of the water and the waves, and it is 
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dispersed by currents in the ocean to become a global issue. Quantifying MPL, 

understanding its main sources and identifying its major routes and accumulation sites 

are essential to implement future policies aimed at mitigating the MPL impact. Under this 

respect, remote sensing techniques could offer a unique opportunity to tackle the MPL 

issue on a large scale. 

To date, a variety of remote sensing techniques have been studied for their 

application to MPL detection and characterization, yet with a different degree of maturity 

and success. Remote sensing techniques have already been applied in several experiments 

under controlled conditions and, in some cases, also deployed in real case scenarios 

(ocean, along coastline and beaches) from different platforms (satellite, airplane, drones). 

Among these, we can mention: hyperspectral remote sensing, with the detection of MPL 

in a real case scenario such as the Great Pacific Garbage Patch by using a hyperspectral 

short wavelength infrared (SWIR) imager from airplane [19], experiments to increase the 

discrimination capabilities of the hyperspectral data [20,21], pansharpening techniques 

applied to hyperspectral PRISMA data [22] and hyperspectral imagers deployed from 

UAV [23]; multispectral imaging from satellite, with several studies conducted also using 

Sentinel-2 and WorldView3 data [6,24–26]; thermal infrared (TIR) remote sensing, with 

experiments carried out by using a TIR camera showing promising results for the 

detection of floating plastics [27], bistatic RADAR from satellite [28], and very high spatial 

resolution (VHR) images from a variety of platforms, including drones [29–31]. Despite a 

considerable number of studies and experiments carried out using different types of 

passive remote sensing sensors, up to now, there has been a very limited effort to 

investigate the potential of light detection and ranging (LIDAR) techniques, although the 

latter have been suggested in several reviews as potentially interesting techniques for the 

remote sensing of MPL [18,32,33]. 

LIDAR techniques, initially developed for atmospheric studies, have been 

subsequently applied to the study of the aquatic environment [34]. They can provide a 

variety of information for the investigation of the marine environment, from the 

characterization of ocean optical properties to the detection of dissolved organic matter, 

phytoplankton, zooplankton, but also pollutants such as oils [35–41]. Although there are 

not yet spaceborne LIDAR systems specifically designed for marine applications, 

currently there are several space missions with onboard LIDAR sensors, mainly for 

atmospheric science applications [42,43]. There is also an ongoing effort in the scientific 

community towards studies for the development of novel spaceborne LIDAR missions 

specifically designed for oceanographic applications as well as to exploit available LIDAR 

datasets—acquired thanks to ongoing LIDAR missions—and adapt them for marine-

related applications such as the detection of microparticles in the ocean [44–47]. With 

respect to passive sensors, LIDAR systems offer the advantage to overcome limitations set 

by solar illumination conditions and even at night. In principle, they can also provide a 

vertical profiling of the penetrated water volume with depth-resolved information about 

water column content [34]. On the other hand, spatial and temporal resolution of LIDAR 

data are usually poor with respect to those provided by passive sensors. For example, the 

Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) sensor aboard the 

CALIPSO satellite, designed however for atmospheric science applications, guarantees a 

spatial footprint of about 100 m [42]. 

Despite a general interest to investigate the potential of LIDAR techniques for the 

MPL issue, there is a considerable lack of studies and experiments on the subject, except 

for very sporadic elastic backscatter LIDAR data from airplane [48] and experiments 

conducted for marine debris detection on beaches [49,50]. On the other hand, 

fluorescence-based LIDAR techniques have not been investigated at all, although they 

could be beneficial for spectral characterization of PML, which would be particularly 

useful to help in discriminating MPL from other types of marine debris. Since the 1970s, 

fluorescence-based techniques have been extensively investigated in the laboratory as a 

rapid, non-destructive method for characterization of commercial plastics [51]. 
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Subsequently, Laser Induced Fluorescence (LIF) spectra and fluorescence time decay by 

using an excimer laser as excitation source were studied for the characterization of 

commercial plastics [52]. Piruska et al. studied the autofluorescence properties of plastic 

materials as potential substitutes for glass substrates used in microfluidic systems [53], 

while HDPE films were characterized by the rate coefficient of the fluorescence intensity 

decay in [54]. Fluorescence lifetime was also proposed as a powerful tool for the 

identification of polymers and their sorting for recycling purposes [55]. Spizzichino et al. 

instead used LIF spectroscopy and Principal Component Analysis (PCA) to investigate 

fast detection of plastic debris in a post-blast scene [56]. Recently, fluorescence lifetime 

imaging microscopy has been suggested as a powerful investigation tool for identification 

and characterization of plastics [57]. Nonetheless, until now, fluorescence LIDAR 

experiments on plastics in simulated MPL scenario conditions have not been conducted. 

This study presents the first LIDAR experimental data—acquired under controlled 

conditions in the laboratory—aimed at demonstrating the feasibility of detecting and 

characterizing plastics floating on the surface as well as plastics plunged into the first layer 

of the water column by using the fluorescence LIDAR technique. The study shows the 

spectral fluorescence signatures of different types of weathered, commercially available 

plastics and how these signatures can be exploited for plastics detection and 

characterization—also when they are submerged in the water—by means of a 

fluorescence LIDAR system. In addition, the study discusses other affecting factors such 

as the presence of dissolved organic matter in the water and compares the fluorescence 

spectra of plastics with the fluorescence features of other types of marine litter that can be 

typically found in a real case scenario. 

2. Materials and Methods 

In this section, we first describe the samples used for the experiments; secondly, we 

report the main specifications of the instrumentation used and we illustrate the 

experimental set-up; finally, we describe the procedures used for data processing. 

2.1. Materials 

Figure 1 shows the samples selected for the fluorescence LIDAR measurements. All 

the samples selected for the experiment were parts of commercially available items. All 

the samples were taken from weathered items, used for several years (>2 years), except 

for the surgical mask that was not used. The list of the samples, together with a short 

description and the material they are made of (when the information was available), are 

reported in Table 1. 

Table 1. List of commercial plastic samples. 

Name Description Material Thickness (µm) 

A Transparent Bottle Polyethylene terephthalate (PET) 140 

B Bluish Bottle Polyethylene terephthalate (PET) 180 

C Surgical Mask Polypropylene (PP) 300 

D Blister Polyvinyl chloride (PVC) 160 

E Plastic Bag n.a. 30 

F White Bottle Cap High-density polyethylene (HDPE) 550 

G Blue Bottle Cap High-density polyethylene (HDPE) 700 

H White Bottle Polyethylene terephthalate (PET) 600 

I Fresh Fruit Container Recycled polyethylene terephthalate (R-PET) 260 

J Surgical Glove LATEX 230 

K Transparent Packaging Polypropylene (PP) 60 

L Transparent Plastic Glass Polyethylene terephthalate (PET) 430 

M Polystyrene Slab Expanded polystyrene (EPS) 10,000 
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Figure 1. Picture of the used commercial plastic samples used in the fluorescence LIDAR experi-

ment. The meaning of the labels (A,B,C,D,E,F,G,H,I,J,K,L,M) is detailed in Table 1. 

2.2. Instrumentation 

The fluorescence LIDAR system used for the measurements is a recently upgraded 

prototype of an in-house developed hyperspectral and time-resolved fluorescence LIDAR 

imager. The instrument acquires fluorescence spectra with more than 900 spectral chan-

nels in the 350 nm to 830 nm spectral range, temporal resolution of 5 ns and a target scan-

ning system developed for the acquisition of hyperspectral/time-resolved fluorescence 

images [58]. 

As an excitation source, the upgraded version of this LIDAR system uses a 3ω Q-

switched Nd:YAG laser (Quantel Laser by Lumibird, Lannion, France; Ultra 50 model) 

with an output energy of 12 mJ@355 nm and adjustable pulse repetition rate up to 20 Hz. 

A beam expander provides an optimal beam divergence corresponding to the Instantane-

ous Field Of View (IFOV) of the collection optics. The collection optics is made up by a 

1000 mm focal length f/4 Newtonian telescope (Sky-Watcher, SunOptical, Tapei City, Tai-

wan; Quattro 250P model). The telescope focusses the fluorescence signal from the target 

on a bundle of low fluorescence-grade fused silica optical fibers, in front of which a 

longpass optical filter @390 nm is placed to reject the backscattered laser radiation and to 

avoid spectral orders overlapping. The latter is coupled to the input slit of a spectrometer 

(PI-Acton, Teledyne Princeton Instruments, Trenton, NJ, USA; SpectraPro 2300i model). 

The IFOV of the LIDAR is 1 mrad. The spectrometer (300 mm focal length, f/3.9) is 

equipped with three selectable different diffraction gratings (150 gg/mm, 600 gg/mm, 2400 

gg/mm). The nominal spectral resolution of the system with the three gratings are 0.5 nm, 

0.1 nm and 0.02 nm, respectively. The spectrometer is coupled to an intensified gated 512-

pixel x 512-pixel CCD camera (PI-Acton, Teledyne Princeton Instruments, Trenton, NJ, 

USA; PI-Max:512 model). The triggering of the CCD gate allows to set an accurate delay 

from the laser pulse generation thus allowing the temporal resolution among different 

laser pulses. The pointing and scanning system of the LIDAR is implemented by means 

of a motorized altazimuth mount allowing a pointing accuracy of 25 µrad (Sky-Watcher, 
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SunOptical, Tapei City, Taiwan; AZ-EQ6 model). The main technical specifications of the 

fluorescence LIDAR system are reported in Table 2. 

Table 2. Main technical data of the fluorescence LIDAR system. 

Parameter Value 

Laser source 3ω Nd:YAG, Q-Switched (355 nm, 12 mJ@20 Hz, 5 ns) 

Telescope Newtonian (1000-mm focal length, f/4) 

Operative distance range from 4 m to 100 m 

IFOV 1 mrad 

Spectrometer 300 mm focal length, f/3.9 

Spectral range 350–830 nm 

Spectral resolution 
0.5 nm, 0.1 nm or 0.02 nm depending on the used grating 

(150 gg/mm, 600 gg/mm, 2400 gg/mm) 

Pointing field of view Full solid angle 

Pointing accuracy 25 µrad 

Size 100 cm × 85 cm × 75 cm (operative) 

Weight 35 kg + spectrometer module 

2.3. Experimental Set-Up 

The experimental set-up used for the fluorescence LIDAR measurements in the la-

boratory is shown in Figure 2. 

All the measurements were carried out in the laboratory under ambient light condi-

tions. The fluorescence LIDAR system was placed at a distance from the samples of about 

11 m. At this distance, the area on the target that is seen by the LIDAR is a 1 cm diameter 

spot. This distance guarantees to avoid meaningful obscuration form the secondary mir-

ror of the telescope. 

In order to carry out measurements on samples immersed into the water, we used a 

cylindrical container that allows to simulate the effect of a water column above the sample 

up to a height of about 50 cm. The cylindrical container has an internal diameter of 35 cm 

and its height is about 60 cm (Figure 2b). The bottom of the container is covered with a 

black foil of material with a very low fluorescence efficiency. This setup was adopted in 

order to reproduce realistic experimental conditions at sea in which the laser beam is at-

tenuated by the water column and the main contributions to the fluorescence signal are 

due to the water column content, such as Colored Dissolved Organic Matter (CDOM) and 

phytoplankton, rather than to the sea floor. 

A 45° folding mirror (Figure 2b) was placed on the opened top end of the container 

in order to deflect the laser beam coming from the LIDAR vertically inside the container. 

The width/height ratio of the container is lower than that between the diameter of the 

LIDAR collection optics and the working distance: in the central part of the container di-

ameter, and all through its height, it is therefore possible to acquire the fluorescence signal 

without vignetting from the walls of the container. 

Two series of measurements were carried out: the first series (dry samples) was car-

ried out on the samples placed at the bottom of the empty container. The second series 

(wet samples) was carried out on the samples by placing them on the bottom of the con-

tainer filled with tap water up to a height of 50 cm (Figure 2b). All the samples were meas-

ured in both conditions, except for sample M (polystyrene) which was measured only in 

dry conditions. 
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(a) 

  
(b) (c) 

Figure 2. Experimental set-up in the laboratory for the fluorescence LIDAR experiments: (a) block 

diagram of the experimental set-up, (b) detail of the 45° mirror and the container filled with water, 

and (c) photo of the laser-induced fluorescence emitted from dissolved organic matter present in 

the water column and from the plastic bottle when hit by the laser beam. 

2.4. Data Acquisition Procedure 

In order to obtain a fluorescence spectrum in the 350–810 nm spectral range with a 

nominal spectral sampling of 0.51 nm, two different—partially overlapped—measure-

ments are acquired in the 350–610 nm and 550–810 nm spectral ranges, respectively. Each 

of these fluorescence spectra is the result of the subtraction between one (active) spectrum 

acquired while the laser is on and one (background) spectrum acquired while the laser is 

off with the same parameter settings. Typically, several couples of active/background 

measurements are acquired over several laser shots in order to average the results and to 

increase the signal-to-noise ratio. During the experiment, all fluorescence spectra were 

averaged over 10 laser shots with a pulse repetition rate of 20 Hz. The uncertainties σ 

associated to the measured fluorescence spectra are given by: 

� = � 
�

�
   , (1)

where S is the signal intensity and N is the number of laser shots (equal to 10, in this 

experiment). All measurements were corrected for the instrument’s spectral response 

function.  

3. Results 

In this section, we first describe the hyperspectral fluorescence LIDAR spectra ob-

tained on different types of commercial plastics. Secondly, we show the fluorescence LI-

DAR spectra obtained on the samples when the latter are immersed into the water and 

compare them with the fluorescence spectra typical of natural waters, which include a 
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fluorescence contribution due to CDOM. Finally, we show the spectra of other typical ma-

rine debris that can be found in a real scenario and compare their fluorescence properties 

with those of the studied plastics samples to assess to which extent they can affect the 

detection of plastics. 

3.1. Fluorescence LIDAR Measurements of Different Types of Plastics 

The first series (dry samples) of fluorescence LIDAR measurements was carried out 

on the dry samples of commercial plastics in order to investigate their fluorescence spec-

tral features. 

Figure 3 shows the fluorescence spectra of the dry samples: the spectra were acquired 

with excitation wavelength at 355 nm, from a distance of 11 m and in ambient light. Each 

fluorescence spectrum was obtained as an average over 10 laser shots. Figure 3a,b show 

the fluorescence spectra of samples in relative units, including the fluorescence spectrum 

of the black foil (Black F) used as a background at the bottom of the container and whose 

fluorescence emission is negligible with respect to the one of the examined samples. Fig-

ure 3c,d show the fluorescence spectra of the same samples, normalized to their standard 

deviation in order to make easier the comparison of their spectral shapes. All samples 

showed a detectable fluorescence emission with a maximum between 410 nm and 450 nm, 

except for sample G (HDPE, blue bottle cap) that had a fluorescence maximum emission 

at longer wavelength (470 nm, approximately) and sample J (latex, surgical glove) that 

had a maximum at 395 nm. All PET samples (A, B, H, I, L samples) featured a very intense 

fluorescence band with a maximum at 410–420 nm (Figure 3a). Only sample B (blue-col-

ored PET bottle) had a slightly less intense fluorescence spectrum (Figure 3a), although its 

spectral shape is definitely similar to that of all other PET samples (Figure 3c). In Figure 

3c, it can be also noted that the fluorescence spectrum of the white PET bottle (sample H) 

has its maximum at 420 nm, slightly shifted with respect to the one of the other PET sam-

ples. In addition to the PET samples, PVC blister (sample D) and the latex glove (sample 

J) also showed an intense fluorescence characterized by a peculiar spectral shape due to 

several fluorescence contributions (red and light green lines in Figure 3a). HDPE bottle 

caps, the chirurgical mask and the white plastic bag sample (samples F, G, C and E in 

Figure 3b, respectively) are fluorescent, yet definitely to a lesser extent. It is to be noted 

that all samples containing PET plastics (A, B, H, I, L samples) have an intense, relatively 

narrow fluorescence band centered at about 410–420 nm and 50 nm wide; all the other 

commercial samples show fluorescence spectra with several contributions between 400 

nm and 600 nm. Among the less fluorescent samples (Figure 3d), the used white plastic 

bag (unknown material) showed a spectral shape very similar to that of sample K (trans-

parent packaging in polypropylene) and of the low-fluorescent black foil used as a back-

ground (black alveolar sheet in polypropylene). Fluorescence intensity is of course af-

fected by additives and dyes mixed with the polymer, yet the main features of the spectral 

shape remain unchanged. 
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(c) 

 

(d) 

Figure 3. Fluorescence LIDAR spectra of the dry plastic samples: (a) fluorescence spectra of samples 

A, B, D, H, I, J, L; (b) fluorescence spectra of samples C, E, F, G, K, M; (c) fluorescence spectra of 

samples A, B, D, H, I, J, L, normalized to the standard deviation (STD), and (d) fluorescence spectra 

of samples C, E, F, G, K, M, normalized to the standard deviation (STD). 
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3.2. Fluorescence LIDAR Measurements of Submerged Plastics 

The second series (wet samples) of fluorescence LIDAR measurements was carried 

out on the samples submerged into a water column of 50 cm. All the spectra were acquired 

with excitation wavelength at 355 nm, from a distance of 11 m and in ambient light. Each 

fluorescence spectrum was obtained as an average over 10 laser shots. 

Figure 4 shows the fluorescence LIDAR spectrum obtained on the water column of 

the container with the only black low-fluorescent sheet on the bottom. In the same graph, 

we also reported the fluorescence LIDAR spectrum of the black sheet (background) placed 

at the bottom of the container, whose fluorescence contribution is, in fact, negligible (green 

line in Figure 4). The spectrum of the water clearly shows a considerable fluorescence 

contribution due to CDOM with a maximum at about 440 nm. Moreover, the spectrum 

shows the typical Raman scattering signal at 404 nm due to the OH-stretching of the water 

molecules. This is the typical fluorescence LIDAR spectrum that can be expected by meas-

urements acquired in coastal waters with a significant CDOM fluorescence contribution 

[59]. 

 

Figure 4. Fluorescence LIDAR spectra of a 50 cm high water column (blue line) and of the back-

ground (Black F—black foil at the bottom of the empty container—green line). 

Figure 5 shows all the fluorescence LIDAR spectra acquired on the different samples 

of plastics (sample A through L) when these were plunged into the 50 cm water column. 

For the sake of clarity, the fluorescence LIDAR spectrum of the correspondent water col-

umn (without plastics) is also reported in Figure 5 (cyan dashed line). All spectra had the 

contribution due to the water Raman signal centered at 404 nm, although the latter is def-

initely less apparent in the spectra obtained on the strongly fluorescent PET samples. In 

general, all strongly fluorescent plastic samples (samples A, B, D, H, I, J, L) showed a flu-

orescence contribution that can be easily detected as a major, abrupt change in the fluo-

rescence intensity of the spectrum, especially in the 410–470 nm spectral range. On the 

other hand, the less fluorescent samples (samples C, E, F, G, K) show a fluorescence con-

tribution of plastics that can be hardly decoupled from that due to the CDOM present in 

the water column. 
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Figure 5. Fluorescence LIDAR spectra of samples A through L immersed in a 50 cm water column 

and, for comparison, the fluorescence LIDAR spectrum of the 50 cm water column (dashed cyan 

line). 

In order to remove the contributions of Raman scattering and of CDOM fluorescence 

from the spectra of plastic samples in Figure 5, we subtracted the acquired LIDAR spec-

trum obtained on the water column with the only black low-fluorescent sheet on the bot-

tom (blue line in Figure 4). A first estimate σtot of the uncertainties on the measurement of 

strongly fluorescent plastics such as PET follows error propagation rules for the subtrac-

tion of two signals and it is proportional to: 

���� ∝ �
 �� ���

�
 , (2)

where Sp and Sw are the two averaged fluorescence signals referring to the plastic and the 

sea water, respectively, and N is the number of laser shots. 

The procedure has been applied to all spectra acquired on the plastic samples sub-

merged into the water column (Figure 5). The results are reported in Figure 6, which 

shows the corrected fluorescence spectrum of each plastic sample retrieved from the flu-

orescence spectrum measured when the sample was plunged into the water. For compar-

ison, the retrieved fluorescence spectrum of each sample is reported together with the 

fluorescence spectrum of the corresponding dry sample. In general, there is a very good 

agreement between the retrieved spectrum and the corresponding spectrum acquired on 

the dry sample for all the samples exhibiting medium to high fluorescence efficiency. The 

procedure still provides an acceptable corrected spectrum also for those samples with low 

fluorescence emission (samples C, E, G, K), although in this case, the retrieved spectra are 

very noisy. The intensity of all corrected spectra, however, is decreased, mainly due to the 

effects of the water layer. 
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Figure 6. Corrected fluorescence spectra retrieved from the spectra acquired on the wet samples 

(green lines) and the corresponding spectra acquired on the dry samples (blue lines): (A) transparent 

PET bottle, (B) blue PET bottle, (C) surgical mask, (D) transparent blister, (E) white plastic bag, (F) 

white bottle cap, (G) blue bottle cap, (H) white bottle, (I) fresh fruit container, (J) latex glove, (K) 

transparent packaging, (L) transparent plastic glass. 

In order to investigate the feasibility of distinguishing plastics from other typical ma-

rine debris featuring fluorescence properties, we acquired fluorescence spectra also on 
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wood logs and vegetation. The latter, in fact, can be typically found in a marine scenario 

and can contribute, in addition to CDOM, to the fluorescence spectrum collected in natu-

ral waters. Figure 7 shows the fluorescence spectra acquired in different spots of a wooden 

log, including the bark, and on two spots of a leaf. For a clearer visualization, the spectrum 

acquired on leaf spot #2 was multiplied by a factor of 10. In the same graph, for the sake 

of comparison, we also reported the fluorescence of the black foil used as a background 

and the typical fluorescence spectrum obtained in sea water featuring the Raman signal 

and the fluorescence contribution due to phytoplankton.  

The fluorescence spectra, detected on a log of wood (Quercus L.), were acquired on 

both the wood heart and the wood bark. All the fluorescence spectra showed a maximum 

at about 460 nm, which is consistent with the fluorescence features of wood typically due 

to the presence of lignin when excited at 355 nm [60]. 

The fluorescence spectra acquired on the leaf showed the typical fluorescence emis-

sion of vegetation in the red region of the spectrum, which is due to the presence of chlo-

rophyll a, common to all plants. It is characterized by two fluorescence bands at about 680 

nm and 740 nm that are tightly linked to photosystems II and I [61,62]. The typical fluo-

rescence peak of chlorophyll at about 680 nm is also widely used for the detection of phy-

toplankton—including macroalgae that can represent another type of marine debris—in 

natural waters [63]. 

(a)  (b)  

 

(c)  

Figure 7. Fluorescence LIDAR spectra of the other materials that can be typically found as marine 

debris: (a) leaf, (b) wood log, and (c) relevant fluorescence spectra (wood heart, wood bark, leaf) 

together with a typical fluorescence spectrum of (mesotrophic) sea waters. For the sake of clarity, 

one spectrum acquired on the leaf was multiplied by a 10 factor (in order to see the chlorophyll 

fluorescence spectral shape) and sea water spectrum by a 0.5 factor (in order to see the Raman 
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signal). The locations where the fluorescence measurements were acquired are marked in (a,b) with 

circles of the same color of the spectra in (c). 

4. Discussion 

The experimental results presented here are the first fluorescence hyperspectral data 

acquired by using a fluorescence LIDAR, in standoff configuration, on plastics samples 

plunged into a layer of natural water. The results clearly show how the fluorescence LI-

DAR technique—using an excitation wavelength at 355 nm—is able to detect the fluores-

cence signal of several types of weathered commercial plastic samples when the latter are 

suspended in a layer of natural water, and not necessarily floating on the surface. This 

stands also in the presence of a considerable fluorescence contribution of the CDOM in 

the water, as it is expected in a real case scenario, especially in coastal waters, and the 

Raman scattering signal due to the OH-stretching of the water molecules. 

Among the examined commercial samples, the ones with the most intense fluores-

cence signal were the PET-containing plastic samples, which makes them an easily detect-

able target for a real case scenario. On the other hand, some plastic samples (HDPE- and 

PP-containing samples) showed only a faint fluorescence when excited at 355 nm, which 

can make it difficult to decouple it from the CDOM fluorescence in a real case scenario, 

depending on the class of waters and the corresponding CDOM content. It is interesting 

to note that the detection feasibility applies also to samples that, being transparent, cannot 

be detected easily by using, for example, VHR RGB cameras, especially if they are not 

floating on the surface. In particular, PET-containing samples, when excited at 355 nm, 

showed a very intense fluorescence signal with a relatively narrow (50 nm, approxi-

mately) Full-Width Half Maximum—(FWHM), which makes it easier for detection with 

respect to background fluorescence of the water column due to the CDOM, the latter being 

characterized by a wider emission contribution with FWHM of about 150 nm. 

Fluorescence contributions from different types of marine debris, such as phyto-

plankton or vegetation, can be easily identified by means of hyperspectral fluorescence 

LIDAR thanks to their typical, well-known fluorescence band due to chlorophyll in the 

red region of the spectrum (Figure 7). This can be exploited as a signature to identify nat-

ural marine debris such as floating leaves, benthos or buoyant macroalgae, against plastic 

litter. On the other hand, wooden debris is expected to contribute to the fluorescence sig-

nal only to a minor extent, with a wider band (150 nm FWHM) and with a maximum 

extent at longer wavelengths (around 460 nm) with respect to PET-containing plastics. 

With reference to less fluorescent plastic types, the only sample that showed a fluores-

cence contribution with a maximum at about 460 nm was the blue-colored HDPE (sample 

G), although with a narrower band (100 nm FWHM). 

A strategy to detect MPL from the fluorescence LIDAR spectra acquired in a real case 

scenario could consist of two steps. The first step will select the spectra—out of a time 

series—with an abrupt depression of the Raman signal with respect to the adjacent meas-

urements: this step aims at selecting all the spectra that contains anthropogenic or natural 

litter floating on the sea surface or below it. The second step should rely on the retrieval 

of the spectral shape by means of the comparison with the spectral shape of the adjacent 

fluorescence measurements, the latter assumed to refer to the only water column content 

(including CDOM and phytoplankton). 

The spectral shape of the examined weathered plastic samples, and those retrieved 

from the relevant fluorescence spectra when the samples are plunged into the water, are 

consistent with the fluorescence spectra found in the literature for commercial plastics 

obtained in the laboratory under UV illumination: in particular, the fluorescence band at 

about 410–420 nm, which is very intense in PET samples, can be attributed to the polymers 

[51] and it is consistent with fluorescence spectra recently acquired with 350 nm excitation 

on label-free PET nanoplastics [64]. The less intense band at about 440 nm present in the 

fluorescence spectrum of HDPE-containing samples can be attributed to a charge-transfer 

complex of HDPE with oxygen, as reported in [54]. 
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It should be noted, however, that most studies related to autofluorescence and, more 

specifically, to LIF of plastics have addressed excitation sources emitting at shorter wave-

lengths, typically in the range between 245 nm (KrF excimer laser) and 337 nm (nitrogen 

ion laser). The choice of a shorter wavelengths (e.g., 266 nm as in [56]), actually allows for 

the detection of important fluorescence contributions at about 350 nm from carbonyl 

groups present in polymers based on chains of methylene groups, such as polyethylene 

and polypropylene, which can be useful for a thorough characterization of the type of 

plastics [56]. In this study, however, we focused our research on the 355 nm excitation 

provided by a tripled frequency Nd:YAG laser since the latter can be regarded as the most 

widely used in fluorescence LIDAR remote sensing applications to the marine environ-

ment: differently from 266 nm excitation, 355 nm wavelength can still provide a reasona-

bly good penetration into the water column. On the other hand, longer wavelengths which 

could guarantee better penetration depth into the water column (blue-green-emitting la-

sers) would not be suitable to excite fluorescence of most of the examined samples since 

fluorescence maximum is expected between 400 nm and 500 nm. In general, solid-state 

laser sources offer a high reliability and ruggedness, which make them very suitable for 

field operation in the marine environment [46]. These are, in fact, the same class of lasers 

that have already been deployed also from spaceborne platforms—although for different 

application scenarios—and that can provide a sound basis for a future pathway towards 

fluorescence LIDAR missions from space dedicated to the marine scenarios [46]. 

Future research directions will extend the database of fluorescence signatures of raw 

and weathered plastics, including ocean- and beach-harvested plastics, and the execution 

of LIDAR measurements at sea, in a real case scenario. 

5. Conclusions 

This study has investigated the potential of the fluorescence LIDAR technique for the 

remote sensing of plastics submerged in natural water in order to address it as a tool for 

the remote sensing of plastics in marine scenarios. The results of the experiments, con-

ducted in controlled conditions in the laboratory on different types of weathered commer-

cial plastics from a distance of 11 m, showed the capability of the fluorescence LIDAR to 

detect the signatures of plastics also when submerged in natural water and to decouple 

them from the fluorescence due to CDOM and from Raman scattering due to the OH-

stretching of the water molecules. Further fluorescence-affecting factors, such as phyto-

plankton suspended in the water column and other types of possible natural marine de-

bris have also been discussed. The outcome of the study lays a basis for the remote sensing 

of plastics in the marine environment by means of the hyperspectral fluorescence LIDAR 

technique and paves the way to the detection and discrimination of MPL also in experi-

mental conditions that are likely to be challenging by using other passive remote sensing 

techniques, such as plastics suspended below the water surface or transparent plastics. 

Future work will focus on ocean- and beach-harvested plastics, compared to raw plastics, 

and realistic marine scenarios. 
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