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A Hyperspectral Reflectance 
Database of Plastic Debris with 
Different Fractional Abundance in 
River Systems
Mohammadali Olyaei   ✉, Ardeshir Ebtehaj & Christopher R. Ellis

Plastic debris pollution transported by river systems to lakes and oceans has emerged as a significant 
environmental concern with adverse impacts on ecosystems, food webs, and human health. Remote 
sensing presents a cost-effective approach to bolster interception and removal efforts. However, unlike 
marine environments, the optical properties of plastic debris in fresh waters remain poorly understood. 
This study aims to address this gap by providing an open-access hyperspectral reflectance database 
of floating weathered and virgin plastic debris found in river systems under controlled laboratory 
experiments. Utilizing natural waters from the Mississippi River, the database was assembled using a 
remote sensing data acquisition system deployed over a hydraulic flume operating under subcritical 
flow conditions and varying suspended sediment concentrations. The measurements encompass 
hyperspectral diffused light reflectance from ultraviolet (UV, 350 nm) to shortwave infrared (SWIR, 
2500 nm) wavelengths. The database archived in Network Common Data Form (NetCDF) and Comma-
separated values (CSV), offers valuable insights for better understanding key spectral signatures 
indicative of floating plastic debris, with different fractional abundance, in freshwater ecosystems.

Background & Summary
Plastic pollution in aquatic environments presents significant environmental, economic, and recreational con-
cerns1–3. Plastic pollution in the oceans stands out as a pressing environmental issue, garnering recognition from 
the United Nations Environment Programme (UNEP) as one of the foremost emerging pollution challenges4,5. 
This recognition has spurred investments in research, social awareness campaigns, and proactive measures for 
control and prevention3,6 with some completed or ongoing projects documented in7. The plastic contamination 
of lakes and rivers has received comparatively less attention8,9 than oceans, even though a significant portion of 
plastic waste finds its way to the oceans via river networks, with annual estimates ranging from 0.8 to 2.7 million 
metric tons10,11. Accurate estimation of plastic emissions from rivers to the global oceans necessitates detailed 
information on the spatiotemporal flux of the floating debris12,13, which can be intensified during extreme flood 
events14. Traditional methods for detecting plastic litter in aquatic environments rely on labor-intensive in situ 
sampling15,16, which proves to be time-consuming and expensive17,18. Alternatively, high-resolution optical 
remote sensing technologies offer cost-effective solutions with extensive space-time coverage19–22.

Remote sensing of plastic litter requires proper characterization of its optical spectral characteristics espe-
cially within the visible to near-infrared (VNIR) and short-wave infrared (SWIR) segments of the electromag-
netic spectrum23–25. A substantial body of research has been dedicated to measuring the spectral reflectance 
of marine litter, both in controlled laboratory settings26 and in field conditions27,28. Laboratory investigations 
have primarily focused on scrutinizing the spectral signatures of various virgin and weathered plastics under 
dry and wet conditions across the VNIR to SWIR bands29–35. It is found that different plastic types display 
unique spectral signatures31,32,36 contingent upon their material composition, age, and the optical complexities of 
their surrounding waters. In contrast, field studies have predominantly concentrated on formulating algorithms 
for plastic debris detection in marine environments, utilizing airborne and spaceborne platforms such as the 
multispectral instrument aboard the Sentinel-2 satellite37–43. However, research and methodologies concerning 
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freshwater riverine and lake ecosystems have been relatively limited, with only a handful of studies employing 
unmanned aerial vehicles (UAVs)19 and satellites44 for plastic litter detection using deep learning techniques45,46, 
as well as in situ imaging47,48.

Conducting field-scale experiments in freshwater aquatic environments is costly, primarily due to the limited 
space-time resolution of remote sensing platforms and the complexities associated with accurate labeling of the 
observations38,49– 51. Furthermore, the presence of various other floating materials within the field of view (FOV) 
can obscure the spectral signature of plastic litter, including different types of Sargassum, driftwood, white caps, 
and water foams25,52,53. While discriminating floating algae from other debris is feasible due to the distinct opti-
cal properties of chlorophyll pigments, distinguishing between different plastic types and non-plastic debris 
remains challenging52. As previously noted, laboratory experiments31,33,34,54,55 have primarily focused on the 
spectral properties of marine litter. These experiments often employed simplified background environments 
such as static water and a single type of plastic debris within the FOV without explicitly accounting for the het-
erogeneity of sub-grid debris abundance. These limitations can be important for remote sensing of small patches 
of different types of debris in freshwater ecosystems, where factors such as flow turbulence and background 
dynamics, including flow turbidity, waves, and water foams, can alter spectral signatures within the FOV.

Turbid waters with high concentrations of fine-grain suspended sediments tend to exhibit higher reflectance 
compared to clear water, particularly in the visible and NIR bands56–59. At the same time, the presence of turbid 
waters can also attenuate the magnitude of submerged plastic reflectance54,60 due to a combination of strong 
water absorption in the SWIR spectrum and reduced water transparency in the visible region52. In lakes and riv-
ers, the presence of colored dissolved organic matter (CDOM) can also affect the reflectance signal in the visible 
part of the spectrum; however, the peak near 810 nm is proven to be effective in retrieving water quality param-
eters such as suspended sediments and algal pigments61. In marine environments, it has been demonstrated that 
breaking wind waves or whitecaps can alter the magnitude and spectral shape of surface water reflectance62,63. 
These effects are partially attributed to foam plumes and subsurface bubbles, which enhance the reflectance 
primarily in the visible and to a lesser extent in NIR and SWIR bands64 and often manifest themselves as absorp-
tion lines centered around 600, 756, 980, 1198, 1448, and 1932 nm65. Therefore, we hypothesize that the spectral 
signatures of plastic debris in river systems can be influenced markedly by their fractional abundance and the 
optically active background constituents.

To investigate this hypothesis, we designed a data acquisition system at one of the Saint Anthony Falls 
Laboratory’s (SAFL) flumes to collect diffused hyperspectral reflectance of various types of virgin and weath-
ered plastic debris over fresh water from the Mississippi River with the following contributions. (i) The study 
accounts for the sub-grid fractions of debris by synchronizing a spectroradiometer with a digital single-lens 
reflex (DSLR) camera. (ii) Various water flow regimes have been designed to replicate different background 
dynamics, including turbidity and surface water foams. (iii) A collective inference is made regarding important 
absorption lines across different types of debris, particularly mixed-type plastics. (iv) The collected reflectance 
database is presented in a machine-independent format containing reflectance spectra of plastic specimens, 
coincident RGB images, labeled images capturing the debris fractional abundance within the FOV, as well as 
key measured environmental variables (e.g., sediment concentration, debris polymer, color, background flow 
status, flow discharge, etc). This open-source dataset will provide valuable insights into the spectral signatures 
of various types of floating plastic litter in different freshwater conditions. It aims to advance technologies for 
remotely detecting plastic pollution and estimating its flow from rivers to oceans. Additionally, it will encour-
age cross-disciplinary collaborations and support the development of remote sensing technologies for accurate 
detection of floating plastic using airborne and satellite imagery.

Methods
Spectral acquisition system. An indoor data acquisition system (Fig. 1) was designed to measure the 
diffuse reflectance of floating debris over a hydraulic flume. An Analytical Spectral Devices (ASD) spectroradi-
ometer (350–2500 nm) with a resolution of 3 (10–12) nm in VINR (SWIR) was deployed. The foreoptic FOV was 
maintained constant at 25° across all measurements. The spectroradiometer was mounted on a mobile carriage 
system, allowing for adjustment of its position in the flume and its distance from the water surface. Throughout 
the experiments, the distance from the end of the fiber optic cable to the water surface was set to 110 cm, resulting 
in a FOV with a diameter of 48 cm. The ASD was set to average five scans per measurement. A digital single-lens 
reflex (DSLR) camera was mounted on the carriage and synchronized with the spectroradiometer to simultane-
ously image (Fig. 1a) the sub-grid fractional abundance and type of plastics within the FOV.

The light source was provided by a set of six Tungesten-Halogen lights operating at temperature 3000 K offer-
ing stable illumination across the complete spectral range of the spectroradiometer for accurate indoor diffuse 
reflectance measurements (Fig. 1b). A Direct Current (DC) power supply was employed to provide precise con-
trol over the illumination intensity by eliminating the periodic fluctuations in the SWIR region of the spectrum 
– caused by the interference between the light source powered by alternating current and the ASD scan rate. The 
lights were positioned off-nadir to prevent multiple (specular) reflections within the FOV of ASD and the DSLR 
camera while providing adequate radiance.

It is well understood that reflectance =
Γ

Γ
R up

dn
 is defined as the ratio of upwelling Γup to the downwelling irra-

diance dnΓ 24, which can represent both diffused and directional reflection mechanisms31. Since the ASD is a 
radiometer, a reference Lambertian reflectance value must be acquired to calibrate the subsequent measure-
ments. To that end, a white GORE-TEX Polytetrafluoroethylene disk, with a wide-band reflectance of close to 1 
and a diameter of D = 70 cm, was used to cover the entire FOV as an ideal reflector. The disk material was cho-
sen based on personal communications with the spectroradiometer design team. The spectroradiometer was 
recalibrated for each experiment round, especially when the background settings (e.g., sediment concentration, 
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illumination intensity) were changed. The following key steps are considered to systematize the data collection 
process. (1) A representative number of plastic-type specimens is used. (2) A wide range of background water 
turbidity and foamy conditions is simulated. (3) Multiple measurements per sample are collected to minimize 
noise and variability. (4) The measurements are categorized into relevant labels and subgroups for organized 
analyses. (5) Quality assurance is applied before the data are organized in a structured format. (6) The data are 
validated and compared against other published data sets.

Flume and water flow characteristics. Spectral measurements were conducted over the tilted flume at 
SAFL. The flume, with dimensions 14.6 × 0.9 × 0.6 m, can transport up to 0.17 m3s−1 of discharge. The flume has 
a pivot that allows it to tilt up to 6° and reproduce a wide range of river flows and sediment transport regimes. The 
bottom of the flume was covered by 16 cm coarse sand (Fig. 1c) to resemble natural sediments in riverine systems. 
The perimeter of the flume was painted black at the location of the spectral acquisition system to alleviate multiple 
reflections at the boundaries and resemble an optically deep region. The discharge was set to 0.01 m3s−1, resulting 
in a Froude number of 0.045, implying a subcritical flow regime. The streamwise velocity was measured using an 
Acoustic Doppler velocimetry (ADV), at the channel center (Fig. 1d), and the flume slope was set to zero.

Three distinct background conditions were considered: naturally clear, turbid, and foamy waters. Mississippi 
water served as the clear water reference as the bottom of the channel was visible at a depth of around 20 cm 
during the experiments in the winter. The concentration of suspended sediments was changed to increase the 
turbidity as it impacts the surface reflectance across VNIR to SWIR59,66, particularly between 700 and 900 nm 
wavelength67. Well-mixed suspended sediments require a shear velocity u* considerably greater than the set-
tling velocity vs, a condition that can be assessed through the Rouse number Ro = vs/κu*, where κ = 0.41 is 
the Von Kármán constant68. To fulfill this condition, fine silt, with d50 = 0.0075 mm, was used resulting in 
Ro ∈ [0.02 − 0.07] ≪ 1, assuring a well-mixed suspended sediment load69.

The silt particles were released into the water via an in-house built sediment feeder (Fig. 1c), positioned 6 m 
upstream of the reflectance acquisition system. To that end, the feeder uses a peristaltic pump with an adjustable 
angular velocity. For measuring the total suspended material (TSM), we developed a mass flux curve repre-
senting the weight of released sediments in time as a function of the angular velocity to produce five different 
well-mixed TSM values at 58, 116, 180, 242, and 313 mgl−1. The selected TSM range of 58 to 313 mgl−1 encom-
passes various natural turbidity levels, including concentrations above 100 mgl−1, which are indicative of high 
turbid conditions typically found in certain river systems and estuaries66,70. A propeller attached to an electric 
motor was properly positioned to generate upstream bubbles and make the water surface foamy for obtaining 
measurements over foamy waters. In a marine environment, whitecap reflectance varies based on the foam lay-
ers and the concentration of submerged bubbles that appear white to human eyes65. Inspired by this observation, 
we employed an image segmentation technique to quantify the extent of foam within FOV, as explained later.

Plastic specimens. In this study, we examine three primary floating polymers: polyethylene, polypropylene 
(PP), and expanded polystyrene (EPS)21. For polyethylene specimens, the variants are Polyethylene terephthalate 
(PET), High-density Polyethylene (HDPE), and Low-density polyethylene (LDPE). Examples for each group 
include water bottles, detergent or milk containers, and cups. The polypropylene plastic specimens are mainly ropes 
and bags and foams are used for EPS polymers. Three distinct settings for plastics were defined. i) Single virgin:  
Plastic specimens from one specific type of polymer were used. ii) Mix virgin: Plastics from multiple polymer 
types are used. iii) Weathered plastics: A collection of mixed weathered plastics is gathered from the Mississippi 

Fig. 1 (a) The ASD FieldSpec-4 spectroradiometer along with the DSLR camera, (b) Illumination system and 
the reference panel showing that the walls were painted black, (c) Sediment feeder placement in the flume, 
(d) floating plastic debris in a turbid flow showing the position of the Acoustic Doppler Velocimeter (ADV).
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River and Lake Hiawatha in Minneapolis. Figure 2 depicts the plastic and background settings along with the 
pictures of the specimens within each group. For each set of measurements across all debris subgroups, plastic 
debris was released upstream in the flume channel. As the debris entered the FOV, we began recording with both 
the ASD spectrometer and the DSLR camera multiple times until all debris exited the FOV. The synchronization 
between the ASD spectra and the RGB images was achieved by matching their timestamps, and we discarded 
any spectra without a corresponding RGB image with a matching timestamp. Since we intended to emulate the 
natural movement of plastic debris over river flow systems, we did not manually alter the dryness or wetness of 
the plastic specimens. However, the surface of HDPE, EPSF, and PET samples, whose densities are significantly 
lighter than water, remain likely dry even though some wetness is expected due to some rotational movements.
In foamy waters, the likelihood of surface wetness increases markedly because of turbulence. However, the PP and 
LDPE samples are denser than other specimens and more prone to partial submergence and surface wetness. In 
total, 2078 measurements of spectral reflectance were obtained for 21 subgroups: seven specimen types (i.e., PET, 
HDPE, LDPE, PP, EPSF, Mixed, and Weathered) and three background water conditions (i.e., normal, sediment, 
and foamy). Table 1 provides an overview of sample distributes within these subgroups.

Labeling DSLR images. All coincident DSLR RGB images are cropped to display the circular FOV of 
the ASD spectroradiometer. The plastic fractions within the FOV are estimated using an image segmentation 
approach based on Otsu’s method71 of color thresholding72. To that end, the RGB color model is first trans-
formed into the YCbCr color code, separating the luminance (Y) from chrominance (Cb and Cr). Unlike the RGB 
domain, the YCbCr color space separates the brightness from colors, allowing improved segmentation73. Otsu’s 
method is among variance-based techniques74 that seek a threshold that minimizes the within-class variance 
between the background and foreground values of an image75. Figure 3 shows examples of the image segmenta-
tion approach for different plastic specimens.

Fig. 2 Floating plastic specimens in different settings (Single virgin, Mix virgin, and Weathered) against various 
background conditions (Normal, Turbid, and Foamy). The numbers are the percentage of experiments for each 
setting.

Background Waters

SumNormal Sediment Foamy

SpecimenType

PET 54 (2.6%)–10.9% 119 (5.7%)–19.2% 19 (0.9%)–20.4% 192 (9.2%)

HDPE 30 (1.4%)–13.2% 89 (4.3%)–21.2% 26 (1.3%)–16.4% 145 (7.0%)

LDPE 18 (0.8%)–10.6% 82 (3.9%)–16.6% 52 (2.5%)–15.2% 152 (7.3%)

PP 52 (2.6%)–19.9% 114 (5.5%)–19.1% 68 (3.3%)–15.8% 234 (11.3%)

EPSF 16 (0.8%)–22.6% 68 (3.3%)–22.3% 8 (0.4%)–17.1% 92 (4.4%)

Mix 445 (21.4%)–28.5% 332 (16.0%)–28.2% 231 (11.1%)–29.8% 1008 (48.5%)

Weathered 23 (1.1%)–33.1% 159 (7.7%)–29.0% 73 (3.5%)–35.9% 255 (12.3%)

Sum 638 (30.7%) 963 (46.3%) 477 (23.0%) 2078 (100%)

Table 1. Number of measurements categorized by different plastic types and background waters, with 
percentages indicated in parentheses followed by the mean value of plastic fraction.
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An additional step is taken to estimate the foam fractions. Initially, the RGB image is converted into a 
grayscale image by forming a weighted sum of the three R (red), G (green), and B (blue) channels using the 
coefficient from the National Television Standards Committee (NTSC)76. Subsequently, pixels above a speci-
fied threshold are selected to separate white foams from the background, after removing the plastic labels. We 
found that setting the threshold as 160 out of 255 could effectively capture the foamy pixels by trial and error. 
Figure 4(a) represents the histogram of foam fraction showing a range of 0–12% with a mode of 1.5%. An exam-
ple of segmenting the foams from the background water and the floating debris is shown in Fig. 4(b).

Data Records
The data are at Zenodo research repository77. The entire set of data records is stored in a machine-independent 
Network Common Data Form (NetCDF) and Comma-separated values (CSV) format. Each file follows the 
labeling structure in the format of ON_PT_WSC_C_SC_F_QF, where the observation number (ON), specimen 
polymer type (PT), background water condition followed by sediment concentration (WSC), specimen color 
(C), plastic fraction within the FOV (F), and a quality flag (QF)78 are stored. The flag ranges from 1 to 5 repre-
senting low to high quality values of the provided segmentation based on visual inspections.

Specifically, each NetCDF file contains the following data fields: i) hyperspectral reflectance spectrum from 
350–2500 nm with the aforementioned spectral resolutions; ii) coincident RGB images associated with the time 
of spectral measurements within the FOV; iii) labeled images segmenting the plastics and foams from the back-
ground water; and iv) general information related to polymer type, color, the categories describing water back-
ground (clear, turbid, and foamy), the areal fraction of the debris, sediment contention, flow discharge, and the 
quality flag – as reported in Table 2. The CSV files only contain the spectral measurements. It is worth noting 
that after recording each reflectance spectrum, a splice correction was applied to remove potential discontinuity 
in spectral measurements at 1000 and 1800 nm, where the type of scanner changes in the ASD spectroradiome-
ter. To that end, we used the technical guides79 that offer splice corrections based on the calculated biases at the 
spectral interfaces between the scanners.

Plastic fraction signatures. Figure 5 represents some statistics of the collected reflectance spectra in the 
clear water for single virgin specimens (i.e., PET, HDPE, LDPE, PP, and EPSF), mixed and weathered plastics. The 
statistics are calculated based on the number of sample spectra provided in Table 1. The mean spectra for plastic 

Fig. 3 Examples of image segmentation approach using color thresholding for (a) green PET bottle, (b) red and 
yellow polypropylene rope, and (c) red LDPE cups.

Fig. 4 (a) Histogram of foam fractions, based on thresholding the grayscale imageries, with foamy pixels 
exhibiting intensities greater than 160. (b) Example of image segmentation with LDPE cup specimens in a 
foamy flow with three labels (water, foam, and plastics). The foam fraction is equal to 12.4% of FOV.
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fractions above and below the median are added to assess the impacts. As is evident, higher plastic fractions lead 
to increased reflectance across all spectra, while the absorption lines remain relatively unchanged. Notably, cer-
tain absorption lines are shared among single plastics such as wavelengths around 1145, 1680, 2165 nm for LDPE 
and EPSF, as well as 1215, 1420, and 1730 nm for HDPE and PP. The reflectance corresponding to maximum and 
minimum plastic fractions is also shown in Fig. 5. The spectra for the minimum plastic fraction are nearly zero 
in the SWIR range, indicating that water is the dominant component. The spectrum for the maximum plastic 
fraction shares similar absorption features with the mean spectrum, except for the mixed and weathered types. 
This is expected due to the varying composition of debris in these categories.

Sediment signatures. The impacts of suspended sediments and foams on the spectrum of clear water are 
investigated using the spectral angular mapper (SAM) score for each plastic type20. The SAM score is an angular 
similarity metric between two vectors. Given the two spectra t = {t1, t2, …, tb} and s = {s1, s2, …, sb} at b wave-
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invariant to shifts in signal magnitude, which primarily occur as plastic coverage increases. Therefore, any 
increase in within-type SAM scores reflects changes in spectral shapes rather than magnitude, capturing the 
effects of suspended sediments and foams on the reflectance spectra due to the background influences. The mean 
SAM scores (Fig. 6) for each debris group between clear and turbid waters are as follows: 2.4° (HDPE), 5.5° 
(LDPE), 8.3° (PP), 9.3° (EPSF), and 9.9° (PET).

To offer additional insights, Fig. 7 shows the mean of plastic spectra for HDPE and PET samples with differ-
ent sediment concentrations and sub-scale fractions. In these cases, it is evident that increased sediment concen-
tration sharpens the main absorption lines but does not drastically change their positions, especially across the 
regions where the background reflectance rises markedly. Although prior literature66,70 has documented that in 
the highly reflective segment of the clear water spectrum, the red region, the precise location of the absorption 
lines differ81 due to the possible variations in dissolved optically active constituents. Nevertheless, two distinct 
reflectance peaks around 810 nm and 1070 nm, shown by red arrows in Fig. 7, are found to be attributed to turbid 
waters consistent with the previous findings54,60. Figure 8(a) compares only the clear and turbid water spectra –  
showing an increase in reflectance with rising sediment concentrations and highlighting the known major and 
minor signatures at 810 and 1070 nm, respectively.

The SAM score between PET (HDPE) samples in clear and highly turbid waters (i.e., C = 313 mgl−1) is 
around 17.3° (12.6°). Thus even for HDPE with the lowest mean SAM score (Fig. 6), a high sediment concentra-
tion increases the score by more than five times. We observe that the rise in SAM scores in VNIR (i.e.,  < 1000 
nm) is higher than SWIR for PET (HDPE) by 90% (3)% as the sediment concentration rises from 0 to 313 mgl−1. 
This implies that higher turbidity can variably affect the spectral response of floating plastic debris across VNIR 
and SWIR bands depending on the plastic types and subgrid fractions.

Foam signatures. The mean SAM scores between foamy and clear waters are as follows: 4.2° (HDPE), 10° 
(PET), 12.1° (PP), 14.6° (LDPE), and 26.6° (EPSF). All the SAM scores are higher than those obtained for turbid 
waters counterparts. Among different plastic types, the increase in SAM scores is pronounced for PP and LDPE 
specimens and is the highest for EPSF samples. Figure 9 compares the mean of the collected spectra for PP and 
EPSF specimens in clear and foamy waters. Unlike the impacts of suspended sediments, the increase in SAM 
scores in the SWIR region is higher than VNIR as the score increases by 36 (700)% for PP (EPSF) due to the 
presence of foam.

For the PP rope samples, the background foam decreases the reflectance and flattens the absorption lines, 
especially over the SWIR region. This can be partly attributed to the fact that those samples were prone to be 
partially submerged and their reflectance can be masked by high water absorption. Experiments identify a few 
significant absorption lines at 756 nm, 980 nm, 1198, and 1448 nm, shown with blue arrows, which are consist-
ent with those reported in the literature65. For EPSF, an additional absorption line appears at 1932 nm, resulting 
in the largest SAM score changes, which also manifested themselves in Fig. 8(b) that compares the clear and 

Term Definition

Reflectance Hyperspectral reflectance of the plastic specimen measured across the spectrum from 350 to 2500 nm.

RgbImage Digital image of the FOV comprising three color channels: red, green, and blue.

LableledImage Pixel-wise image indicating water, plastics, and foams within the FOV.

Debris Polymer The constitute polymer (e.g., PET, HDPE,...) of the plastic specimens.

Debris Color The colors of the plastic specimen (T: Transparent, G: Green, W: White, R: Red, Y: Yellow, M: Mix).

Background flow status Three categories describing the water background conditions: clear, turbid, and foamy.

Plastic fraction (%) Percentage of sub-grid fraction of the plastic litter.

Foam fraction (%) Percentage of sub-grid fraction of foamy waters.

Sediment concentration Suspended sediment concentration mgl−1.

Flow discharge Discharge of the flume in m3s−1.

Quality Flag A numeric value indicating the quality of the pixel-wise labeled image.

Table 2. Description of attributes used in the NETCDF library.
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foamy waters spectra. The reduction in the mean spectra in foamy water compared to clear water for both PP 
and EPSF specimens (Fig. 9) can be chiefly attributed to higher level wetness and submergence of plastic debris 
due to the induced turbulence. At the same time, the plastic fractions in foamy waters were lower than the clear 
water counterparts in both cases, which can cause a drop in the mean spectra.

Fig. 5 Mean reflectance R and 75% confidence bound of plastic litter spectra in the clear water along with box 
plot of plastic fractions for (a) PET, (b) HDPE, (c) LDPE, (d) PP, (e) EPSF, (f) Mixed, and (g) Weathered 
specimens. The mean reflectance for those samples with plastic fractions greater ( +R50 ) and smaller (R50−) than 
50% of FOV are also shown with vertical lines marking the main absorption lines. The reflectance 
corresponding to maximum (Rmax) and minimum (Rmin) plastic fractions are shown with solid and dashed 
lines, respectively, in pale red. The box plots show the interquartile range around the median with whiskers 
extending to 1.5 times the interquartile range of plastic fractions.

Fig. 6 Heatmap illustrating the Spectral Angle Mapper (SAM) scores between the measured spectra for all 21 
debris subgroups, comprising seven plastic types and three background water conditions including clear (C), 
turbid (T), and foamy (F).

https://doi.org/10.1038/s41597-024-03974-x
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Technical Validation
Two complementary approaches are pursued for the technical validation of the presented dataset. First, we con-
duct a cross-comparison with existing public datasets obtained under different background conditions. Second, 
a classification machine learning algorithm is used to demonstrate that the collected data sets capture cohesively 
the spectral signatures of plastic debris and background waters.

Cross comparisons and assessments. Figure 10 compares the mean of the collected spectra in the clear 
waters for single virgin plastics (i.e., PET, LDPE, and PP) with analogous re-scaled reflectance spectra of ocean 
dry plastics, obtained from a publicly available dataset33,36,54. Since the mean values of spectra are highly depend-
ent on the distance to the reference panel and illumination intensity values at the time of calibration, we rescaled 
the previously published spectra to match the same mean and variance through z-score normalization. The pub-
lished spectra for PET, LDEP, and PP were collected over a water tank with no natural water flows, where debris 
samples were placed at different depths33,54. The spectra were measured through an 8° foreoptic FOV and lacked 
any information about the impacts of water foams and the sub-grid fractions of plastic debris. For HDPE, the 
published spectra36 were also collected in a tank but with different nadir angles. We selected those measurements 
with a nadir viewing angle of θ = 0.

Fig. 7 Mean of plastic litter spectra at different levels of sediment concentrations (i.e., 0, 58, 22, 180, 242 and 
313 mgl−1) for (a) PET with plastic fraction 15% and (b) HDPE with plastic fraction 25%. Red arrows indicate 
notable peak reflectance values attributed to water turbidity.

Fig. 8 Comparison of spectra for (a) clear versus turbid waters with varying sediment levels and (b) clear versus 
foamy water.

Fig. 9 Mean and 75% confidence bound of plastic litter spectra in the foamy (solid line) and clear water (dashed line) 
for (a) PP and (b) EPSF. Blue arrows indicate notable absorption lines attributed to the presence of water foams.
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In the SWIR region, comparisons demonstrate the consistency of the new data set with the published one 
in terms of the identified absorption lines with discrepancies of less than 50 nm. The lowest and the highest 
discrepancies are between the PET and LDPE samples. These differences are expected concerning differences 
in acquisition systems, composition of background waters, sample characteristics, and preparation techniques 
across the two datasets. The SAM scores between the measured spectrum and their counterparts from the lit-
erature are also computed and reported in Fig. 10. The computations are conducted for the entire spectrum 
including VNIR and SWIR. As expected, on average the SAM scores in SWIR are lower than VNIR by 50%. For 
EPSF samples, the presented results are also consistent with those provided in Fig. 4(a) in31.

However, the newly provided data diverges from those in33,54 over the VIS and NIR regions. The difference 
in the VIS region is expected due to the varying specimens’ colors. However, the bed materials, variability of 
the optically active constituents of the background water, and random distribution of the plastic debris with 
various area fractions explain the differences in the NIR bands. As shown in Fig. 5, the median of subgrid plastic 
fractions in the provided data set varies from 10 to 28% in the FOV, implying that the water signatures can be a 
primary factor influencing the differences in the shape of the spectra. This is evident in Fig. 9, where, unlike the 
previously published data, the spectra in the new dataset peak in the red region 600–700 nm. The produced data 
also show peak reflectance values around 810 and 1070 nm, capturing the turbid water signatures, as explained 
previously.

Cross validation using machine learning. The second validation approach tests whether the collected 
dataset provides coherent reflectance signatures and contains generalized predictive information. To that end, the 
dataset of single virgin plastics is split into training (70%) and testing (30%) sets. The eXtreme Gradient Boosting 
(XGboost)82,83 is used to train a sequential ensemble of decision trees as a classifier to learn the signatures associ-
ated with the occurrence and type of the debris. For the training, the learning rate and maximum depth are set to 
0.05 and 13, respectively. Through grid search, it was determined that applying regularization does not enhance 
the classification performance.

The confusion matrix (Fig. 11) for the test data set shows that the recall or probability of detection (last row) 
and the precision (last column) exceed 90% for all plastic types in the test set with an accuracy (lower diagonal 
element) greater than 94%. In most plastic types, except PP and PET samples, the recall is smaller than precision, 
indicating that the classifier is more vulnerable to higher false negative than false positive rates. The low preci-
sion in PP detection can be attributed to the fact that ropes could be partially submerged within the FOV and 
thus their reflectance signals can be easily masked due to high water absorption.

The largest (smallest) false negative rate (i.e., type-II error) is around 8 (1.8)% for EPSF (PET) specimens. 
A low false negative rate for a class often indicates that the within-class spectra are similar but remain highly dis-
similar to the other class spectra, which is evident for PET samples. On the other hand, as previously discussed, 
water foams affect the EPSF spectra markedly resulting in a high within-class dissimilarity with a SAM score 
of 26.6°. It’s important to highlight that most false negative rates for EPSF samples were found within the PP 
classes. This is primarily because the SAM score between the EPSF and PP types is smaller than the with-class 
SAM score for the EPSF samples (Fig. 6).

Fig. 10 Comparison of the mean spectra of plastic litter in clear water with analogous dry spectra from33 and36 
shown with dashed lines and asterisks, for (a) PET, (b) HDPE, (c) LDPE, and (d) PP. The red-ordered triples 
represent the SAM scores between the new and previously published spectra across the entire spectrum, VNIR, 
and SWIR regions, respectively.
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Usage Notes
We have included the scripts for data reading and visualization in the GitHub shared repository, organized into 
two folders: MATLAB_Codes and Python_Codes, as outlined below:

 1. MatlabDemo.m: This MATLAB script loops through all the NetCDF files stored in the data_NetCDF folder 
and enables visualization of all 21 subgroups. Based on the user identification of the observation number 
(ON), the software shows the RGB image, labeled image, the spectra, and ancillary information related to 
measurement conditions (e.g., background condition, plastic fraction).

 2. PythonDemo.ipynb: A Python script similar to the explained MATLAB script is also provided.
 3. Statistical_analysis_Xgboost.ipynb: This Jupyter Notebook Python script offers additional visualizations 

including a bar plot illustrating the percentage of measurements categorized by material and background 
waters as well as the distributions and box plots of reflectance across 10 random wavelengths. Additionally, 
it presents the spectrum of each sampled group in the clear, turbid, and foamy waters together with the 
SAM scores. Finally, it provides codes utilizing the XGBoost library in Python for supervised classification 
of the measured spectra and computation of the confusion matrix.

We additionally provided a tabular presentation of the data containing all 2078 measured spectra, stored 
in both *.mat (for MATLAB) and *.feather (for Python). The feather format in Python allows efficient reading 
and writing of the data frame. This tabular data includes the plastic fractions and identifiers representing the 21 
subgroups, explained in the Readme.txt file. The library can be deployed for exploring the spectral behavior of 
different plastic litter with various background conditions and applying different machine-learning techniques.

It must be emphasized that the presented dataset does not account for other floating materials, such as mac-
roalgae, cyanobacteria, and CDOM, which can be found in large river systems. Future research could inves-
tigate the complexities related to the presence of these optically active constituents. Further characterization 
of the effects of various types and ages of weathered plastics will also enhance our understanding of plastic  
debris signature.

Code availability
The software codes for working with the database in MATLAB and Python are accessible on GitHub at https://
github.com/olyae001/Hyperspectral_reflectance_library or https://github.com/aebtehaj/Hyperspectral_
reflectance_library.
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