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Remote sensing technologies have the potential to support monitoring of floating plastic litter in
aquatic environments. An experimental campaign was carried out in a large-scale hydrodynamic test
facility to explore the detectability of floating plastics in ocean waves, comparing and contrasting
different microwave and optical remote sensing technologies. The extensive experiments revealed
that detection of plastics was feasible with microwave measurement techniques using X and Ku-
bands with VV polarization at a plastic threshold concentration of 1 item/m? or 1-10 g/m?. The optical
measurements further revealed that spectral and polarization properties in the visible and infrared
spectrum had diagnostic information unique to the floating plastics. This assessment presents a crucial
step towards enabling the detection of aquatic plastics using advanced remote sensing technologies.
We demonstrate that remote sensing has the potential for global targeting of plastic litter hotspots,
which is needed for supporting effective clean-up efforts and scientific evidence-based policy making.

Pollution by plastic litter of the aquatic environment (oceans, seas, lakes and rivers) is a major societal and
environmental problem in the Anthropocene'?. After World War II, plastics rapidly became one of the most
important materials used in industrial and consumer goods production worldwide. The downside of the increased
use of plastics is the subsequent increase in environmental pollution due to increased waste production and
mismanagement. Wind and water flows cause plastics to accumulate in the aquatic environment. When plastic
pollution ends up in the marine environment, it can be found anywhere, ranging from beaches and shorelines to
ocean gyres and from the equator to the poles®*.

Aquatic plastics primarily originate from mismanagement of waste or inflow from land>®. When present
in the aquatic environment, buoyant plastics are transported from rivers to seas, with some ending up in the
ocean gyres’. During transport, larger plastic items weather due to sunlight, temperature variations, oxidative
breakdown and due to enzymes present in biofilms on plastics®. During this weathering process microplastics
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(<5 mm diameter) are created. These microplastics are sometimes mistaken for food and consumed by aquatic
life, including different fish species and mammals®-!1. Besides consumption, entanglement by macroplastics and
fishing nets is a big risk for sea life!>!%. Plastics have been found at different depths within the water column'®, as
they sink or float depending on their composition, water depth and flow velocity'®. Sinking of plastics that would
normally float can also be attributed to the development of biofilms and trapped minerals'®. Overall, megatons
of plastics are present in the upper 200 m of the oceans'”. Of the floating plastics in the upper 5 m of the water
column in the ocean, most plastics are found near the surface!®. The observed concentrations vary significantly,
reaching mass concentrations of up to 100 kg-km™2 in ocean gyres”'?-?! and number concentrations ranging
from 0 to 600 items-km~2 for items larger than 2 cm?2.

A significant mismatch exists between the estimated amount of land-generated plastic entering coastal waters
(5-13 million tons per year)® and the estimated total amount of plastic floating at sea (less than 0.3 million
tons per year)'*?*24, Similarly, the amount of plastics measured at sea>?>26 has not kept pace with growth in
global plastic production?’. To understand this mismatch, an improved understanding of the physical processes
governing transport and dispersion is required®**%,

All types of plastics are found in the oceans. From beach litter surveys and clean-up campaigns, lists of the
most common plastic items have been compiled?’, which provide a good overview of the most common types
of plastics found in the aquatic environment. The polymer with the highest relative abundance in the aquatic
environment (including, freshwater systems and coastlines) is polyethylene (as high-density or low-density
polyethylene, HDPE or LDPE), followed by polypropylene (PP) and polystyrene (PS)!7:3031,

Monitoring of plastic pollution is often carried out through surveys and clean-up campaigns of beaches and
net measurements in the aquatic environment*>**. The key limitation of these types of measurements is their
limited spatial coverage. Remote sensing could play a key role in complementing existing datasets, since it can
cover large areas, often the entire globe at a specific time interval. Recurring measurement enables the monitoring
of developments of plastic distributions over time. Remote sensing of floating plastics has been explored
using optical sensors covering the visible, shortwave to longwave infrared spectrum~. A recent review has
highlighted some of the milestones*!, emphasizing the need for more research and integrated and harmonized
solutions for monitoring plastic litter, as was previously suggested*>**. In general, natural water strongly absorbs
light in the infrared region. Hence, it is considered an optically dark target. When floating plastics appear in a
region of interest of a calm ocean, they would become the bright target, making it relatively easy to detect these
objects*t. However, the opacity and possible submersion of the plastics becomes a challenge for optical remote
sensing technologies*>!®, which could be remedied through combination with other technologies.

Another challenge is that even in garbage patches, oceanic floating debris covers only a very small fraction of
the 10 m to 1 km pixel footprints of the monitoring satellite. Microwave remote sensing, such as Synthetic Aperture
Radar (SAR) imaging, has not been applied routinely to detect plastic litter in the aquatic environment*’~2,
Because radar and optical remote sensing apply different sensing techniques®, both technologies can be
complementary for plastic monitoring. SAR sensors can collect observations of surface roughness regardless of
the time of day and are hardly impacted by cloud cover, whereas optical techniques capture the spectral response
to solar illumination by plastics and do not work in the presence of cloud cover.

This article describes the first step towards investigating the applicability of remote sensing to the detection of
floating macroplastic litter in the aquatic environment as part of European Space Agency’s Discovery Campaign
programme. In this first step, a variety of measurements using different microwave frequencies and visible-
infrared wavelengths were conducted for different ocean wave conditions in the Atlantic Basin at Deltares (a large-
scale hydrodynamic test facility, in which ocean flows and waves can be reproduced at scale). The measurements
are carried out in a controlled environment, where repeatable wave conditions were used. Although important
in the real ocean, we do not examine the effect of wind, as the effects of wind are harder to recreate in a
reproduceable way in the laboratory and would lead to a non-homogenous (i.e., developing in space) wave field,
which would make the comparison between different technologies (physically located in different parts of the
basin), which is the primary objective of this paper, challenging. The radar experiments, using polarimetric
microwave techniques from L-band up to K-band (1-20 GHz), were used to determine the optimum frequency
and detection thresholds for various floating plastic objects under different ocean wave conditions. The aim
of the optical experiments was to measure the effect of floating litter on the surface reflectance and determine
whether spectro(polari)metry may be used to detect it. In our article, we focus on comparing and contrasting a
number of different microwave and optical remote sensing technologies. In doing so, our objective is to explore
their synergies and the potential to improve detection of plastics through a combined set of sensors.

Methods

The experiments were conducted in the Atlantic Basin at Deltares, the Netherlands, which is an 8.7 m wide, 75 m
long and 1.3 m deep combined current and wave basin (the effect of currents was not explored in this campaign).
The microwave and optical setups were placed on the wooden walking bridges above the facility at about 8 m
above the water surface and on the yellow bridge at 1 m above the water surface, and along the sides of the basin
(see Supplementary Material for locations of instrumentation).

The signal response of microwave measurement techniques and optical instruments was measured for 16
plastic items in a laboratory test facility for 3 deep-water wave conditions (kd=2.8, with “k” wave number and
“d” the water depth) based on a random sea with an underlying JONSWAP spectrum with different significant
wave heights (Hs=5, 9 and 17 cm) and wave steepness, all chosen to represent realistic ocean conditions.

The wave conditions were representative of the real ocean in the sense that the Froude number, non-
dimensional water depth, spectral shape and steepness of the waves (and therefore the number of breaking
waves) are similar to those in the ocean, as is common in hydrodynamic experiments involving waves (see
Supplementary Information for details). Due to the much smaller size (i.e., both wavelength and wave amplitude)
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of our waves in an absolute sense, the Reynolds number in our experiments is much smaller than in the field,
and we do not correctly reproduce the near-surface boundary layer or any wave-driven mixing therein. Wave
breaking and associated white-capping are correctly represented, as these depend on wave steepness.

The absence of wind our experiments results in the high-frequency (i.e., capillary-wave-dominated) part
of the surface wave spectrum not necessarily being representative of the real ocean. As we chose to carry our
experiments with real litter or similar-size plastic items, the ratio of the litter size to the microwave wavelength
is comparable to the field. Compared to the wavelength of the surface gravity waves, our litter is much too large.
This is a compromise we cannot avoid, and we have minimized by choosing a basin as large as possible.

During the campaign, plastics type, concentration, and size as well as water-wave conditions were varied.
Measurements were carried out with optical and microwave remote sensing techniques, as listed in Table 1.
Details of the instrumentation setup and the plastics used can be found in the Supplementary Material.

In addition to the microwave and optical measurements, in-situ water wave measurements were carried out
using wave gauges with a frequency up to 20 Hz and optical measurements with a high-resolution camera to
determine the plastic concentration at the measurement location.

The measurement duration was 15 min for each test. During the tests, different types of plastics were supplied
to the basin in different concentrations; these moved towards and then through the measurement areas due to
the Stokes drift associated with the waves. As the technologies used by ITP and UoS might interfere (see Table 1),
these institutes always measured in sequence for the same test conditions.

Microwave measurements

Multiple microwave measurement technologies were applied (Table 1). ITP applied two separate setups
corresponding to different locations of the antennas and equipment near the basin®, with different viewing
angles, frequency scanning intervals, frequency points, sweep times etc. The three antennas of setup 1 were
spaced at a distance of 1 m (one dual-polarization QRH20E antenna and two V-polarized DRH30 antennas)
and were directed in the direction of the wave propagation. The gain of the antennas is frequency-dependent
and ranges from 6 dBi to 14 dBi across the band of 2.5-20 GHz. Setup 2 was positioned at 9 m above the
water corresponding better to a satellite viewing angle. This setup involved a single V-pol, 12 dBi to 22 dBi
(2.5-11.5 GHz) reflector antenna, operating in pure back-scatter mode, connected to an Agilent E5071C VNA.

The C-band Quadpol and the X-band at VV polarization was used by UoS>. The measuring equipment
consisted of a ground-radar connected to an Anritsu Site Master $S820e Vector Network Analyser, which was
connected to C- and X-band antennas. The sweeps in frequency considered 1 GHz (for each band).

The GNSS-R reflectometry technique has been applied by UPC®. During the preparatory activities of the
experiment, a GPS-like signal was generated at L1-band (1575.42 MHz) using a SMU-200 A vector signal
generator. The signal power level was — 81 dBm so that it could be measured with high SNR GNSS-R observables
with very short integration times (coherent integration time of 1 ms and no incoherent averaging). To track
any frequency offset and drifts, a CW beacon centred at L1-band 4500 kHz was transmitted at the beginning
and at the end of each GPS-like signal. Thus, the final synthesized transmitted signal consisted of 20 s of a
synchronization CW beacon, followed by 40 s of an L1-band GPS signal, and finally 20 s of the synchronization
CW beacon.

The research institutes used different statistical analysis methods to determine whether plastics could be
detected. This is further described in the Supplementary Material.

Optical measurements
Optical detection of floating plastics was also investigated using a set of spectropolarimeters with single and multi-
pixel optical sensors. A single-pixel portable ASD spectrometer and a linear spectropolarimeter GroundSPEX>®
were installed to monitor the same target to measure the above-water total radiance and the linear polarization
Stokes terms. These measurements were further complemented with the FLIR BlackFly (RGB) polarisation
multi-pixel imaging camera. Based on those three instruments, visible-NIR linear spectropolarimetric optical
characteristics were analysed for the different plastic and wave conditions.

The ASD measurements were mostly recorded under the illumination of overhead fluorescent lamps in
combination with a HPL halogen tungsten lamp. The difference in shape between the spectra of the water surface
with and without floating plastics was assessed using linear regression coefficients, correlation coefficients and

Microwave technology Optical technology
Institute (Country), abbrev. Band Frequency Polari-sation | Instrument | Specs Ref.
2-20 GHz
Inst. Telecom. (PT) ITP S-K \a% 4
(2 GHz bandwidth)
Uni. Stirling UoS C 5-6 GHz Quad pol 55
(GB-SCT) X 9.5-10.5 GHz vV
o L1 o
Uni. Politécnica de Catalunya (ES) UPC (GNSS-R) 1.5-1.7 GHz LHCP / RHCP
ITC Twente (NL) ITC ASD 300 -2500 nm
RGB camera | 5 MP
Uni. Oldenburg (DE) / Uni. Leiden (NL) | UoO/L 57
GroundSPEX

Table 1. Microwave and optical sensor technologies applied in the measurement campaign.

Scientific Reports |

(2024) 14:25902 | https://doi.org/10.1038/s41598-024-74332-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

singular value decomposition condition numbers. The degree of polarization was analysed for GroundSPEX and
the RGB camera, as many types of floating plastic litter were found to impart a measurable degree of polarization
(0.05 <DoLP <0.20) on reflected light, making polarimetry a useful addition to a marine observing system®”.

Results

Dedicated tests were carried out to assess if the supplied plastics had a measurable (< 20 Hz) effect on the water
waves. The effect of the plastics on the gravity part of the water wave spectrum (<20 Hz) was negligible and
could not be detected in the water-wave signal measured by the wave gauges for the applied concentrations,
which corresponds to earlier observations®’. The results of these measurements are further described in the
supplementary material. In the subsections below, the results of the microwave and optical measurements are
presented.

Microwave sensor technologies

Microwave signals reflect on the water surface due to the dielectric contrast between air (¢~ 1) and water (¢~ 70—
80) enabling the characterization of the water surface. Floating plastics affect the water surface roughness and
could therefore potentially be detected. However, the physical mechanism for the increased backscatter is still
unclear. Scattering by floating plastics depends on factors such as shape, roughness caused by the indentation
of the water surface, size and the value of the dielectric constant. Figure 1 illustrates the scattering mechanisms
for plastics. When the water is static, the signals are reflected at a single point, as shown in Fig. 1a-I, resulting
in a low backscatter intensity due to the direction of the reflected waves. If the water surface is dynamic, the
signal is scattered at multiple points on the water surface, which results in an increase in backscattering. The
roughness of the water surface is also increased by the indentation created by the plastic objects (Fig. 1a-III),
which enables their detection using microwaves. Another scattering mechanism originates from the dielectric
constant contrast between air and plastic or due to the wetted surfaces of the plastics (Fig. 1a-II). However, as
the dielectric contrast between air and plastic is low, this effect is likely negligible compared to the scattering by
the water surface itself. Finally, as plastic objects float, they interact with the (gravity-driven) water waves, which
can cause small ripples (capillary waves) around the plastics (Fig. 1b-IV). Although the physical mechanism for
increased scattering is not determined in this measurement campaign, the detection of a large variety of plastic
items due to increased scattering is discussed. We begin by analysing the backscatter for the three microwave
technologies in Table 1 one by one, before assessing overall detectability of different types of plastics at different
concentrations in ocean wave conditions for all the microwave sensor technologies examined.

S to K-band microwaves

The energy ratio (EnR), defined as the level of scattering by the water surface including plastic litter relative to
the scattering by the water surface without plastic litter has been estimated for S- up to K-band>*. When the
EnR parameter exceeds the minimum threshold value, the amount of backscattering is considered significant,
which means that plastics were detected. The threshold value is defined as the average energy scattered from
a reference measurement without litter (see ref 54). In Fig. 2, the backscattering results are shown for three
detected plastics at a concentration of 10 g/m? with Hs=9 cm for respectively, (a) foam cylinders, (b) plastic
bottles and (c) plastic spheres. The horizontal axis shows the distance from the antenna and the vertical axis
shows the successive samples at a sampling time interval of 0.8 s. The higher intensity yellow trails in the figures
represent the travelling speed of individual floating objects. The trails of the foam cylinders (a) and the plastic
spheres (c) correspond to the Stokes drift velocity (1.2 cm/s at a mean wave height of 5.8 cm), with which small
particles are transported by waves®'~%%, while the plastic bottles (b) appear to have a lower drift velocity than the
theoretical Stokes drift velocity. This could be due to the deeper submergence of the bottles compared to the

Fig. 1. Principles of different backscatter mechanisms (I-IV): (a) I: scattering on a flat-water surface, II: change
in backscatter due to change in the dielectric constant from the (wetted) plastic items, III: change in backscatter
due to indentation of the water surface. (b) IV: change in backscatter due to capillary waves around plastic
items.
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Fig. 2. Microwave backscattering at Hs=9 cm for a concentration of 10 g/m? and a microwave frequency
range between 2-20 GHz (S to K-bands) at VV polarization for (a) 5 cm length foam cylinders, (b) plastic
bottles, (c) plastic spheres. The red lines in the graphs represents the theoretical Stokes drift velocity of 1.2 cm/s
for a mean wave height of 5.8 cm (equals Hs =9 cm). Because the slope of the backscattering trails in panel (b)
is lower than the theoretical Stokes drift velocity, the plastic bottles appear to be drifting slower than the foam
cylinders (a) and the spheres (c).

foam cylinders and the plastic spheres. The level of backscattering is significantly higher for the foam cylinders
than for the plastic bottles and spheres.

C and X-band microwaves

The backscattering of the C- and X-band microwaves using different polarizations is shown in the intensity plots
in Fig. 3. The microwave signal reflects on the water surface at 8 to 10 m from the antenna, which is shown by
the grey box. Figure 3b shows the difference between the baseline situation without plastics present and with the
addition of 153 g/m? of plastic spheres. The intensity increase for the C-band measurements is of the order of 1
dB, while a difference of 7.7 dB was found for X-band at VV polarization. The intensity peaks of up to 30 dB are
from the bridge below the setup, acting as a stable reflector for the measurement signal, and can thus be ignored.

L1-band microwaves (GNSS-R)

The plastics could not be detected directly from increased scattering power® using the GNSS-R technique (L1-
band microwaves). Even with the sensitivity of the system used (< 0.02 dB), with plastic litter in the middle of the
Fresnel zone on a flat-water surface, the amount of forward scatter was too small to detect the plastics. However,
the plastics could be detected by analysing the statistical descriptors of the distribution of the scattering signals.
The difference is mainly observed in the standard deviation and the kurtosis of the statistical descriptors. The
scattering signal and the difference in statistical parameters for litter at Hs=9 cm is shown in Fig. 4. This figure
shows a difference in standard deviation for a transmitted signal at right-hand central polarization (RHCP) and
the receipt at left-hand central polarisation (LHCP) of 2.0 dB.

Overview microwave sensor technologies

The detectability for all test conditions for the measurements using different microwave frequencies and
polarizations is shown in Table 2. Increased scattering magnitude was mainly measured for the microwave
measurements from C-band up to K-band frequencies. The detectability at C-band was easier at a bandwidth of
2 GHz than for a bandwidth of 1 GHz (i.e., at half the resolution). Increased scattering was found at C-Band in
20-24% (1 GHz bandwidth) and 52-71% (2 GHz bandwidth) of the tested conditions. This increased for X-band
to 72-77% and for Ku-band (12-15 Hz) to 83% of the tested conditions. We will discuss the detectability of the
different plastic items in Table 2 further for different frequency bands as well as a detectability concentration
threshold.

We will now discuss the main observations from Table 2 focussing on wave height, frequency band, plastic
length and finally considering plastic type.

At higher wave heights, it was sometimes more challenging to detect the plastics due to wave breaking of
individual waves and because the plastic items travelled faster through the footprint of the antennas due to the
higher Stokes drift velocity. This is clearly seen for the detection of spheres, where all spheres were detected at a
Hs of 5 and 9 cm for concentrations higher than 6.4 g/m?, while the spheres could only be detected at Hs of 17 cm
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Fig. 3. (a) Intensity plot for the backscatter from plastic spheres at a concentration of 153 g/m? for C-band
and X-band with different polarizations (HH, HV, VH, and VV) at Hs=9 cm. The grey box shows the region
of interest, where the signals reflect on the water surface. (b) intensity difference between plastic spheres and
reference situation without plastics.

for mass concentrations higher than 20 g/m?. This means that for higher wave heights more plastics are needed
to reach the detectability threshold.

The best detection for C-band radar was found for fouled plastics. These are plastic sheets already fouled
by organic matter attached to the plastic surface. The applied fouled plastics were collected in rivers and at
riverbanks in the Netherlands. They consisted mainly of sheets and bags with a large surface area per plastic
item. At C-band between 4 and 8 GHz, the fouled plastics were occasionally not detected, which could be related
to the concentration in the field of view of the measurement instruments.

The length of the plastics items was varied for straws and for foam cylinders. The larger straws of 12 cm and
24 cm were better detectable than the smaller straws of 6 cm, which could be related to the wavelength of the
X-band microwave which is about 3 cm. These wavelengths are longer for the lower frequency (L- to C-band)
microwave signals (30 to 5 cm), which makes it harder to detect the plastics as the wavelength is larger than the
plastics themselves. It must be noted that this behaviour was not observed for the foam cylinders where all tested
cylinder lengths (5, 10 and 20 cm) met the detectability limit.

Regarding the shape of the objects, flatter, more film-like, shapes were seen to generate capillary waves
from their interaction with the gravity waves we generated (Fig. 1b). These capillary waves are likely the more
dominant form of scattering mechanism for these shapes. On the other hand, objects that are rounder, or larger
items in general, will create a deeper imprint in the water surface. This could cause ‘indentation’ scattering
(Fig. 1a - III) to be more prominent. These principles should be examined in more detail in future work.

The most observed plastics in nature (LDPE and PP) were best detectable using X-band microwaves.
Polypropylene plastics were detected by C-band and higher and the fouled LDPE sheets were best detectable
using X-band measurements. The only microplastics that were used in this test campaign were pellets with a size
of 4 mm. These plastics were detectable by X-band microwaves and higher at a relatively high concentration of
20 g/m?.

Concentration threshold for detection

Multiple tests were carried out using spheres with a diameter of 2 cm. At concentrations higher than 6.4 g/m?
these plastic spheres could be detected at C-band with a bandwidth of 2 GHz and larger, giving a minimum
concentration for the detection of these small plastic items. At a bandwidth of 1 GHz, the spheres and bottles
were more difficult to detect. It has to be noted that the concentrations in our experiments are relatively high as
compared to concentrations reported in ocean environments with (average) maximum mass concentrations in
the ocean of 0.0025-0.1 g/m? ”"'. However, due to inhomogeneity much higher concentrations (up to a factor
10°) appear in marine litter windrows in oceans, where litter densities of 10 small items/m? or 1 large item
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Fig. 4. Histograms of the reflectivity with and without plastics (flood wraps and bags) measured by GNSS-R
(L1-band microwaves) at Hs=9 cm. The signal is transmitted under an elevation angle of 30° with the vertical
using right-hand central polarisation (RHCP) and is received both at right- (RHCP, left histogram) and left-
hand central polarisation (LHCP, right histogram). The difference (A) in statistical parameters: mean, standard
deviation, kurtosis and skewness are shown in the figure for the situation with plastics minus the situation
without plastics.

per 10 m? are often exceeded®. Higher plastic litter concentrations can also be found upstream of hydraulic
structures in waterways.

Concentration cannot be solely defined as a mass concentration in g/m? as the shape and number of objects
has a significant impact on the scattering at microwave frequencies. In fact, the concentration of floating plastics
can be determined based on mass, surface coverage and number of items. The detectability with X-band (10-
12 GHz) at VV-polarisation is shown in Fig. 5 for all these three different concentration metrics.

The concentrations are based on the concentrations of plastic supplied to the basin, which was monitored
by a 4 K camera mounted at 8 m above the water surface. With this camera it was possible to determine the
concentration of the spheres, the plastic bottles, and the straws. The other items could not be observed from
this distance. Despite best efforts to control the concentration of objects in time and space, Eulerian currents,
including cross flows, and air circulation within the basin moved and clumped together plastic items. For the
measurement periods, mean concentrations were generally consistent with the desired concentrations except for
a few high-wave-steepness cases when the plastic was swept downstream before the measurement had finished.
A surface coverage correlation coefficient (r2) of 0.74 was found between the supplied concentration and the
concentration based on camera detection (see Figure S9, Supplementary Material).

By investigating the maximum concentration when objects were non-detectable but present in the basin
nonetheless, the threshold concentration for detection can be determined. In Table 3 the threshold concentration
for detection is given per technique. From this table it is seen that the lowest concentration for detection is
required for Ku-band with a frequency range between 12 and 15 GHz at VV polarization.

Optical sensor technologies

ASD optical measurements

With our lab setup, it turned out to be extremely difficult to detect floating plastics using the visible spectral
range from 350 nm to 750 nm. For this reason, the spectral angles were calculated separately for the four spectral
ranges to investigate if detection could be based on the NIR to SWIR2 ranges. The spectral angles for the NIR
and SWIRI were added and rotated by 90 degrees, providing a straightforward threshold to distinguish floating
plastics by having negative values. This detection method was more challenging for bottles, where a threshold of
30 degrees was found. This method looks promising, but needs further evaluation®¢° .
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sometimes

not measured not detectable det. detectable
conc.size Hs
plastics (g/m?)(cm) (cm)
ispheres 10] 2| 5
ispheres PP 20 2| 5
ispheres PP 40| 2| 5
spheres PP 2 2 9
spheres PP 4 2l 9
spheres PP 6.4 2 9
spheres PP 10] 2| 9
ispheres PP 20| 2 9
spheres PP 40| 2 9
spheres PP 80 2l 9
spheres PP 120 2 9
spheres PP 153 2| 9
ispheres PP 10] 2| 17|
spheres PP 20 2| 17|
spheres PP 40| 2| 17|
foam cyl. PE 10] 9
foam cyl. PE 100 10| 9
foam cyl. PE 10 20| 9
straws PP 10 24 9
straws PP 100 12 9
straws PP 10, 6l 9
bottles PET 4.6/ 15.5 0
bottles PET 18.4 15.5( 0
bottles PET 10[ 15.5] 5|
bottles PET 4.6 15.5 9
bottles PET 100 15.5( 9
bottles PET 20/ 15.5] 9
bottles PET 40[ 15.5| 9
bottles PET 10| 15.5| 17|
sub. bottles PET 4.6/ 15.5 9
sub. bottles PET 18.4/15.5| 9
lids PP 100 19| 5
lids PP 100 19 9
lids PP 100 19 17
lids no edge PP 10 16| 9
lids no edge PP 10 16] 17|
nets PA 11.3[ 0.15] 0
nets PA 11.3 0.15] 9
nets PA 11.3/ 0.15] 17|
nets & bot. PA+PET 83.3] 22 0
nets & bot. PA+PET 83.3] 22| 9
nets & bot. PA+PET 83.3] 22| 17|
fouled sheets [LDPE 2.3 200 9
fouled sheets [LDPE 46 20 9
fouled sheets [LDPE 83 20 5
fouled sheets [LDPE 8.3 20| 9
fouled sheets [LDPE 8.3 20 17
ropes & bot. PA+PET 8.3/ 15.5] 5
ropes & bot. PA+PET 8.3[15.5| 9
ropes & bot. PA+PET 8.3] 15.5| 17|
styrofoam PS 10, 30| 9
caps / lids PP 10] 0.4 9
cigarette filt.  |CA 10 3 9
cuttlery PP 14 18] 9
pellets PP+PE 20| 04 0

band L*| S C X Ku | K

Radar band (GHz) fmin 1.5| 2 5 4|6 [8] 95 [10[12[15|18

fmax 173 6 6 (8(10|10.5 |12(15(18|20

Polarization LHCPH /| HH|HV| VH W
RHCP
Detectibility (%) [58] 7 |24]20] 20 |20]52]71[72] 74 [77]83]66]63

Table 2. Detectability of the plastics using microwave technologies. The wave conditions, the type of plastic,
the concentration and the size of the plastic items is varied (see supplementary material). In table 1, an
overview is presented of the different microwave technologies. The C-band (4-6 GHz and 6-8 GHz) and
X-band (8-10 GHz) with V'V polarization was measured by two setups with different look-up angles. When
only one device detected the plastic, it is referred to as “sometimes detectable”. * the detectability for L band
is based on statistical analysis (see 3.1.3), while the detectability for S- to K-band is based on the level of
backscattering.
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Fig. 5. Detectability for X-band (10-12 GHz) at VV polarisation for three different plastic concentration
metrics. The plastic concentration is shown as concentration based on mass (top), concentration based

on number of items (middle) and concentration based on surface coverage (bottom). Markers with black
outline show concentrations that are based on the input concentration and markers with red outlines show
concentrations that are based on camera measurements (for spheres, bottles and straws only).

Polarimetric measurements

Initial results from the GroundSPEX and the RGB polarization camera showed a moderate degree of linear
polarization (DoLP) between 0.05 and 0.15 of light reflected by several types of plastics (Fig. 6). Comparing
the red-green-blue (RGB) photograph and the green-band polarization of a transparent lids and floating bottle
image suggests four primary mechanisms for polarization. First, direct specular reflection off plastic objects,
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Mass conc. | Number conc. | Surface cov.
(g/m2) (items/m2) (%)
Supplied conc. | 1-226 0.05-615 le-2 —8.3%
Radarband | f, . f, .. (GHz) | Polarization
(LéNSS—R) 15-17 LHCP&RHCP | 27 615 1.2%
S 2-3 Vv 226 65 3.7%
HH 226 65 4.4%
HV 226 65 4.4%
> VH 226 65 4.4%
¢ 226 65 4.4%
4-6 83 615 8.3%
6-8 83 615 8.3%
8-10 20 615 0.8%
X 9.5-10.5 Vv 20 16 1.2%
10-12 83 4 8.3%
KU 12-15 4 1 4e-2%
15-18 20 6 0.2%
K 18-20 39 11 8.3%

Table 3. Plastic detection thresholds for three different concentration metrics: mass concentration, number
concentration and surface coverage. * the detectability for L band is based on statistical analysis (see 3.1.3),
while the detectability for S- to K-band is based on the level of backscattering.

10000 T T T T r r T T 0.25
total spectral radiance ~
o
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5 8000 channel 2 02 9
g
— ©
& 6000 -g 10000 20000 30000 10000 20000
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Fig. 6. (a) GroundSPEX radiance and degree of linear polarization from floating bottles with Hs=17 cm.

The raw data from the two spectroradiometer channels (red and blue lines) highlight the SPEX sinusoidal
modulation. The black line represents the total spectral radiance and the green line represents the degree of
linear polarization retrieved from the data. (b) BlackFly observations in green band for transparent lids (b1,
b3 - not detectable) and bottles (b2, b4 - detectable) for radiance (b1, b2) and degree of linear polarisation (b3,
b4).

such as bottles, produced a very bright and angle-dependent signal, which can be identified in the DoLP image
(Fig. 6b). Second, indentations (Fig. 1) and small waves formed on top of objects, such as sheets and foams,
producing weak polarization signals. Third, images containing specular reflection of plastic objects, particularly
large and opaque ones, on the water surface were highly polarized but typically dim. Fourth, light scattered off
dark objects, such as tarps and plastic bags, was moderately polarized but also dim, reminiscent of the single-
scattering Umov effect®. The polarization signals were found to be spectrally flat, suggesting that hyperspectral
measurements may not provide an advantage over RGB imagery.

Overview optical sensor technologies. Table 4 shows the detectability by the optical instruments. The
detection of the plastics is based on radiance from the ASD and on polarization from GroundSPEX and the RGB
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size Hs

plastics (cm) (cm)
spheres PP 2 9 3
foam cyl. PE 5 9 = §
foam cyl. PE 10 9 g
foam cyl. PE 20 9 g
foam cyl. PE raft 5 Q@
foam cyl. PE raft 9 5 §
bubble wrap 30 < %
straws PP 24 9 ©
straws PP 6 9 Lo
straws PP 12] 17 £ES
straws PP raft 0 qg’ §
straws PP raft 5 R
straws PP raft 9 %
bottles PET 15.5 0 ©
bottles PET |155| 5 %
bottles PET 15.5 9 ©
bottles PET 15.5 17
lids PP 19 5
lids PP 19 9
lids PP 19 17
lids no edge PP 16 9
lids no edge PP 16 17
nets PA 0.15 5
nets PA 0.15 9
nets PA 0.15 17
org. sheets LDPE 20 9
styrofoam PS 30 9

Wave|ength Amin 470 400 400

(nm) Amax 870 900 700

Optical instrument ;i;ggp?ec GroundSPEX Ecl)?.cgrlzera

Detectibility (%) 88 43 46

Table 4. Detectability of the plastics using optical technologies under various wave conditions. The type
of plastic, the concentration and the size of the plastic items is varied. In Table 1, an overview is presented
of the different microwave technologies. **The detectability for the ASD is based on a limited number of 4
measurements only.

polarisation camera. A moderate degree of linear polarization (0.05 <DoLP <0.20) of reflected light was found
for several types of plastic litter, particularly dark objects, which are difficult to detect with existing non-polarized
techniques. Transparent lids were difficult to detect, where a difference was seen for lids with edges that were
slightly above the water surface and lids without edges that follow the water surface. For the foam cylinders and
the straws, it did not make a difference if the plastics were distributed normally or if they were clustered together
in so-called “rafts” (see supplementary material). For the reflected signals to the RGB polarisation camera, it was
observed that for some plastics, such as straws, the detectability was based on the rotation angle of the plastics
which lead to glints that could be detected. Table 4 shows that optical polarization measurements are a promising
method for detecting plastics, encouraging further research and application.

Discussion

This extensive laboratory study of the detection of floating plastic litter highlights the capabilities of different
remote sensing techniques in the presence of scaled ocean waves. Plastics were detected using different microwave
and optical instruments. For microwave instruments, the best way to detect plastics from the scattering signal was
by using frequency bands in the range of X and Ku-band at VV polarization for number concentrations higher
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than 1 item/m? or mass concentrations of 1-10 g/m?. This could be sufficient to identify marine litter windrows
where higher concentrations of plastics are observed®. The proposed plastic detection criterion is based only on
the excess (above a threshold) power scattered by the sea surface. In a scenario where the properties of the plastic
litter are unknown, this approach only allows the identification of the presence of floating targets, not of any of its
physical properties. Unsupervised identification of those properties would require complementary techniques,
such as machine learning. In our experiments, it was observed that plastic detection for microwaves depends on
plastic type, plastic length, and water-wave height in the field of view.

A key finding from the microwave results is that as wave height increases, detection of small plastic targets
decreases. This can be found in the literature with satellite or ground-based observations*. It has previously
been observed that VV polarization in Sentinel-1 data (C-band) can be used for monitoring and detecting
plastic targets®®*. Detection of plastics using X-band microwaves has been studied less. The results from this
measurement campaign give insight in the capabilities of detection for less studied bands. At L-band, the changes
in the forward-scattered signal power are marginal, and barely detectable even with a 0.02 dB sensitivity. For this
reason, an analysis on the statistical descriptors has been used. GNSS-reflectometry can detect marine plastic
litter. However, extrapolation of results to airborne and spaceborne cases is not straightforward and requires
careful consideration.

This article focuses only on floating plastics that were detected by remote sensing technologies in a laboratory
environment using freshwater conditions without wind that might influence the plastic movement. Applying
these findings of these idealized measurements to field conditions using airborne or satellite measurements will
require several challenges to overcome. Although the tests carried out in the Deltares test facility provide a good
indication of the possibility to detect plastics using microwave remote sensing technologies, some caution and
additional analysis are required to extrapolate the results to airborne and spaceborne applications.

Crucially, the high-frequency (i.e., capillary-wave-dominated) part of the surface wave spectrum in our
experiments is not necessarily representative of the real ocean. We recommend experiments in which the
capillary-wave-dominated part of the surface wave spectrum is carefully controlled. In our experiments we
ensure a similar ratio between experiment and ocean conditions for litter size and electromagnetic wavelength
and between surface water wavelength and water wave height on the other hand to be representative of the
field, as we believe these are the two most important non-dimensional numbers. However, relative to the
electromagnetic wavelength and to litter size, our surface water wavelength is much too small. This can only be
remedied by conducting experiments in the field or only partly in even larger experimental facilities, of which
there are only very few in the world.

The following aspects need to be analysed before translating the study to an airborne/spaceborne setup. The
applied formulation and metrics present no limitations if the antenna footprint scales to much larger areas, as
long as litter concentration remains uniform over the enlarged footprint and compatible signal power level are
transmitted. Wind will add differences in the scattered signal statistics, by producing areas with varying capillary
wave intensity in the area of interest. In the experiments we had control of the reference case with waves but
without plastic, while this would not be the case in the real world, where the reference has to be extracted
locally in terms of areas deemed free from plastic but having similar wave conditions. Finally, moderately wide
frequency band were used in our measurement campaign without considering regulatory constraints, to reveal
all the physics involved in the scattering process. However, when transmitting from space, the bandwidth used,
must conform to regulated bands, which mostly involve smaller bandwidths. The corresponding impact needs to
be evaluated. In our measurements, we have not been analysing atmospheric effects and Doppler shifts, because
there is knowledge in the literature to factor these out by post-processing®~%°.

Our optical experiments showed that for unpolarized measurements, the visible spectral range offers limited
detection capability of floating plastics. This differs from published successful detection of floating plastic in
laboratories or airplanes®*3>470 and this is likely due to the effects of fluorescent light during the experiment.
The combination of multiple reflections from the sides of the tank (walls and bottom) and the specular reflection
from the fluorescent light on the water surface all contributed to masking the detection capability for the visible
part of the solar spectrum. Nonetheless, similar situations are plausible in natural conditions, for example for
scenes affected by sun glint or optically shallow waters. The results are obtained from lab-controlled conditions
with small footprints (1.6 to 14 cm in diameter). Comparing this to the current high-resolution sensors, e.g.
Sentinel-2 MSI that has a nominal pixel area of 100 m?, and adding the effects of atmospheric path radiance
indicates the challenges for upscaling. The magnitude of detectable reflectance from plastics has been shown to
be impacted by the inherent pixel coverage and sensitivity of instrument used to conduct measurements*4¢71],
We found that spectropolarimetry can play a role in identifying dark floating plastic objects, but it is unlikely that
current optical missions, which do not consider polarization, and current and future spectropolarimetric sensors
on satellites, will be able to distinguish the polarized reflectance of floating plastic litter from other constituents,
bubbles and whitecaps, specular reflections, and atmospheric signals®*72. The linear polarization experiments in
the test campaign represent a situation where the sensor field of view is entirely filled with floating plastic litter,
which is not realistic for satellite sensors. Instead, these conditions are more similar to UAV- and ship-mounted
setups, which can resolve individual objects and may well benefit from using polarization cameras to detect and
track them, particularly for colourless and dark objects.

The effects of conglomeration and dispersal by currents, the fading nature of weathering and degrading
floating plastics and the effects of biofouling all impact the detection of plastics. For optics, comprehensive
overview of plastic versus other floating materials (Sargassum, wood etc.) are provided”*473, while this requires
additional investigation for microwaves. In the microwave ranges, Sargassum will appear as a bright mat on the
surface of water, as it increases the roughness and therefore backscattering™. Oil dampens waves and reduces
the surface roughness, so this appears darker within the images®!. And plastic appears as a mix of both, either
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through a large accumulation of macroplastics increasing the backscattering or via microbial surfactants on
plastic.

Data availability
The measurement data generated in this study have been deposited in the Zenodo database and can be accessed
via this link: https://doi.org/10.5281/zenodo.10458751.
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