Marine Pollution Bulletin 135 (2018) 1145-1157

journal homepage: www.elsevier.com/locate/marpolbul

Contents lists available at ScienceDirect

Marine Pollution Bulletin

Proof of concept for a model of light reflectance of plastics floating on

natural waters

Lonneke Goddijn-Murphy”, Juvenal Dufaur

Environmental Research Institute, UHI-NHC, Thurso, Scotland, UK

Check for
updates

ARTICLE INFO ABSTRACT

Keywords:

Plastic debris
Remote sensing
Marine environment
Natural waters
Pollution

Remote sensing of plastic littering natural waters is an emerging field of science with the potential to provide
observations on local to global scales. We present the verification of a theoretical reflectance model of sunlight
interacting with a water surface littered with buoyant plastic objects. We measured a few common litter items of
different polymers as well as shapes, transparencies, and surface roughnesses. Spectral reflectance measurements
in the field were backed up with measurements in the laboratory of coefficients of total and diffuse reflectance,

transmittance and absorption. We evaluated a single-band algorithm for 850 nm wavelength and a dual-band
algorithm using a second wavelength at a polymer absorption band between 1660 and 1730 nm. Both algorithms
were plastic litter type specific. Our findings show that for interpreting spectral remote sensing of floating
plastic, physical properties that control geometrical optics should complement information about the absorption

spectra of the polymer.

1. Introduction
1.1. Background

Remote sensing (RS) of plastic pollution of natural waters is still in
its early stages despite increasing concern about the environmental
impacts and the lack of long-term, large scale monitoring. Each year an
estimated 4.8 to 12.7 million metric tons (MT) of plastic enters the
oceans from land and without waste management, plastic litter entering
the ocean is predicted to increase by an order of magnitude by 2025
(Jambeck et al., 2015). Schmidt et al. (2017) estimate the global plastic
debris inputs from rivers into the sea alone to range between 0.41 and
4 MT per year. Plastic persists in the environment for very long times
(centuries); it can be lost from the sea by sinking to the bottom,
beaching, degradation, and ingestion by animals. While ultraviolet light
of the sun and chemicals dissolved in seawater degrade the plastic,
breaking waves and collisions fragment macroplastics (> 5mm) into
smaller and smaller pieces and finally into microplastics (< 5mm).
Exactly what happens to marine plastic litter is uncertain as global
budgeting exercises find significantly less material on the ocean surface
than expected (Cozar et al., 2014; Eriksen et al., 2014; van Sebille et al.,
2015). Some surveys of sea surface plastic debris have been undertaken
in the global oceans (e.g., Law et al., 2010, 2014; Cozar et al., 2014,
2017; Eriksen et al., 2014; Lebreton et al., 2018) but there are still large

data gaps. Three largely independent ocean circulation models have
produced global microplastic distribution maps (Lebreton et al., 2012;
Maximenko et al., 2012; van Sebille et al., 2012). The models agree
reasonably well within the centres of the gyres where plastic debris
accumulates and concentrations are high, but they strongly differ in the
tropics, the high latitudes, and the Eastern Mediterranean (van Sebille
et al., 2015). In the gyre centres, the weight density of plastic pollution
is dominated by the largest size class (> 200 mm) and estimated to be
in the order of 10,000gkm_2 (Eriksen et al., 2014). Lebreton et al.
(2018) recently reported exponentially increasing levels of ocean
plastic pollution in the Great Pacific Garbage Patch (GPGP). Here they
estimated at least 79 (45-129) thousand tonnes of ocean plastic floating
inside an area of 1.6 millionkm? (three to eight times higher than
10,000 g km ~?2) with over three-quarters of its mass consisting of debris
larger than 5 cm. Lebreton et al. (2018) conducted aerial imagery using
an aircraft mounted RGB camera to improve recordings of larger debris
(> 0.5m) and increase the size of their survey area (311 km?). The
images were inspected by trained human observers and an experi-
mental image processing algorithm capable of detecting potential
debris applied to all their RGB imagery.

Remote sensing observations to verify the ocean circulation models
of plastic particles have not yet been made. Maximenko et al. (2016)
describe how remote sensing could answer basic questions about the
dynamics of plastic debris that have so far remained unanswered. They
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propose different promising RS technologies (optical observations,
imaging spectroscopy, Synthetic Aperture Radar (SAR), and Raman
spectroscopy), not just for satellite sensors but also for airborne-,
shipborne-, onshore-, and handheld sensors. We studied hyperspectral
RS for buoyant macroplastics in the visible (VIS) to near infrared (NIR)
to short wave infrared (SWIR) spectrum, comprising wavelengths from
350 to 1790 nm. In this paper we present the experimental results by
validating our theoretical reflectance model of sunlight interacting with
a water surface littered with macroplastics and evaluate RS algorithms
based on this model (Goddijn-Murphy et al., 2018). We were particu-
larly interested in how physical properties of the plastic items affected
light reflectance and the performance of our model, and selected a few
items accordingly. As this was a proof of concept experiment, we felt
this to be acceptable. The theoretical model and RS algorithms are not
exclusively applicable to the ocean but also to inland waters where
plastic littering is a problem (e.g., Driedger et al., 2015; Hoffman and
Hittinger, 2017).

Objects larger than a couple of radiance wavelengths (in the order of
micrometres in the VIS-SWIR spectrum) can reflect this radiance (Hecht
and Zajac, 1974), thus microplastics would in theory be included in our
optical model. However, wind driven ocean mixing removes buoyant
microplastics from the top of the ocean surface (Kukulka et al., 2012;
Kooi et al., 2016). We therefore do not expect our method to be suc-
cessful for the detection of microplastics, but by studying macroplastics
we study a major and increasing source of microplastics (Filella, 2015).
The optical signal of microplastics particles suspended in the water
body would be better explained by their absorption (a) and back-
scattering (by,) coefficients in analogy to those of suspended sediments
and phytoplankton (Gordon et al., 1975; Morel and Prieur, 1977).
However, well over 50% of marine microplastics are found below the
top 15 cm of the ocean surface (Kooi et al., 2016) where most light in
the NIR and SWIR is absorbed by water (Irvine and Pollack, 1968).
Biofouling will reduce the buoyancy of plastic particles, so that they
sink below the sea surface and the smaller their size, the sooner they
sink due to the higher surface area to volume ratio (Ryan, 2015).

Although hyperspectral RS for the detection of marine litter has
been suggested before (e.g., Veenstra and Churnside, 2012; Driedger
et al., 2015; Maximenko et al., 2016), until recently few reflectance
spectra of marine plastic litter were published. Goddijn-Murphy et al.
(2018) used spectra of plastic bottles presented by Asner (2016) to
support their theoretical concept model of hyperspectral reflectance.
Since then, Garaba and Dierssen (2018) published daylight reflectance
spectra of marine-harvested micro- and macroplastics and ‘virgin’ mi-
croplastic pellets for the 350-2500 nm wavelength range. The micro-
plastics were aggregated into an optically dense target on a low re-
flectance black rubber mat and the reflectance of wet marine-harvested
microplastics was also measured. We used the same spectroradiometer
to measure daylight reflectance of buoyant macroplastics floating on
top of water. Our approach was to evaluate how transparency, optical
surface roughness, shape and size changed reflectance. We show that
these optical properties of the plastic litter items should complement
reflectance measurements of plastics in the form of aggregated pellets
(Garaba and Dierssen, 2017, 2018) and of one layer of plastic in air
(Fig. 4). The lighting environment during our outdoors measurements
were far from optimal, but we could still use our results to help un-
derstand the interaction of sunlight with floating plastic items. In ad-
dition, we measured spectra of coefficients of total and diffuse re-
flectance, transmittance and absorption in the laboratory (Fig. 4), using
the spectroradiometer as a desktop instrument with its own light
source.

1.2. Concept model
Goddijn-Murphy et al. (2018) developed a model to explain light

reflectance of buoyant plastic floating on waters, based on geometrical
optics and the spectral signatures of plastic and water. They include all
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reflectance- and transmittance contributions of upwelling and down-
welling light and then take out the smallest terms. Goddijn-Murphy
et al. (2018) define reflectance R as L/E4 [sr~ '], with L [Wm ~2sr™!]
upwelling radiance in nadir view and E4 [Wm™2] downwelling irra-
diance. In this current paper, we redefine R as dimensionless L/Lq with
L4 the radiance reflected off a Lambertian reflectance panel (Lamber-
tian reflected light is scattered equally in all directions so that Ly = Eq/
n). This definition of reflectance compared more directly with our
measurements which were made using the spectroradiometer in “white
reference mode” and a Lambertian reference panel. In the present paper
we consequently use definitions of total reflectance R, = Li/Lq (with L,
total water and plastic leaving radiance), water reflectance in the ab-
sence of plastic Ry,o = Lw,o/Lq, and plastic reflectance p, = Ly,;/Lq (With
Ly, light reflected at plastic in air). Water leaving radiance, L., q, is the
sum of light that is reflected directly at the air-water interface and light
that is transmitted from below. For low subsurface water reflectance,
subsurface upwelling light transmitted upwards through the plastic is
neglected and reflectance at wavelength, A, can be estimated using
R = e(f. DRwo@) + f (9,3 — £(f.H)Ruo (1)) o
(Goddijn-Murphy et al., 2018). In Eq. (1), f is fraction of surface plastic
and ¢ is defined as “shading factor”, a factor to account for the reduc-
tion of underwater light due to plastic floating on top of it. This factor is
expected to be close to one, especially for small f. If p, is known and we
can estimate Ry, we can calculate f as (R — Ry,0) / (pp — Rw,0) (Eq.
(1)) for an area in nadir view, using p, at a wavelength where re-
flectance is high. But if we do not know Ry, o a priori, we could apply
more than one wavelength to derive f. For example, if we can find a

second wavelength, A, for which R,(;) = R,(A,) while
ppo"l) = Ppth) then;
Ri(h) — Ri() _ Ri(l) — Ri(h)
(. 2o) = =
T2 Pp(4) — pp (&) Ap, (41, 4) ®)

(Goddijn-Murphy et al., 2018).

Natural downwelling light is a combination of direct light (the solar
beam) and diffuse light (skylight). The ratio diffuse/total (F) depends
on sky conditions (e.g., clouds and haziness) and increases with de-
creasing solar altitude and decreasing wavelength (Jerlov, 1968). Si-
milarly, radiance reflectance at a surface can be specular (Fresnel re-
flection) and diffuse (in all directions), the former occurs at an optically
smooth- and the latter at an optically rough surface. If we consider
reflectance at an optically smooth surface, light received in nadir view
consists of specular reflected skylight as the sun is generally not in
zenith. At an optically rough surface, diffuse reflectance of the solar
beam also contributes to nadir reflected light. Both the water surface
and the plastic litter can have specular and diffuse reflecting properties.
Goddijn-Murphy et al. (2018) apply their model to Fresnel reflectance
of diffuse skylight. In this study, we found in the laboratory that the
diffuse reflectance coefficient, rg;;, dominated the total reflectance
coefficient, r, so that diffuse reflectance of all light (skylight + solar
beam) should have been included in their model. An aim of this study
was to find if we could use r4;r and r to predict p, for plastic floating on
water. RS of water quality is traditionally done at high solar angles and
under clear skies. Under these conditions, direct reflectance at the
water surface is minimized so that the proportion of water leaving light
from below the surface, the light that contains information about the
water body, is maximized. In our RS method for floating plastic litter
we use the reflecting properties of the water and plastic surface and the
more different those are, the more successful it should be. The lighting
conditions may therefore be less critical and sufficient for testing the
model.
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Fig. 1. (a) EPS, building foam, f = 0.25, (b) HDPE whole milk bottles, f = 1, (c) PET, 0.5 L bottles, f = 0.75, (d) HDPE, half milk bottles, f = 0.5, and (e) PET, 2L

bottles f = 1.

2. Methodology
2.1. Plastic objects

We measured light reflectance of a number of buoyant plastic litter
items generally littering the ocean. Eriksen et al. (2014) most frequently
observed polystyrene foam, also known as expanded polystyrene (EPS),
in marine plastic litter. They report that from 891 visual survey trans-
ects in the global oceans (across all five sub-tropical gyres, coastal
Australia, Bay of Bengal and the Mediterranean Sea), 1116 out of 4291
macroplastic items are composed of EPS. In contrast, Lebreton et al.
(2018) found a minimal contribution of foamed plastic items in GPGP,
reminding us how the constituents of marine plastic litter can vary from
one place to another. In our experiment we used a 2.3 cm thick sheet of
white, grey speckled EPS, cut into quadrants of 28 cm radius (Fig. 1a).
The next most counted macroplastic item by Eriksen et al. (2014), other
than miscellaneous, is the plastic bottle with 791 items. We measured
white, semi-transparent, 2L milk bottles made of high-density poly-
ethylene, HDPE, (Fig. 1b) and clear, transparent soft drink bottles made
of polyethylene terephthalate, PET, (Fig. 1c & e). Downwelling sunlight
passing through a floating bottle is transmitted through, and reflected
by, two layers of plastic of which the top one is in air. We cut milk
bottles along their lengths (Fig. 1d) and measured light reflectance of a
single layer floating on the water surface to assess the difference. A
bottle's size should modify its optical geometry and we compared small
(0.5L) PET bottles (Fig. 1c) and large (2L) PET bottles (Fig. 1e). The
plastic item's reflectance height dependence was also assessed by
stacking up to six EPS quadrants on top of each other. The details of the
macroplastic items studied in this paper are summarized in Table 1. The
plastic items were clean and free from biofouling, in their original
shape, and contained no water or other liquid. It was difficult to control
the wetness of our litter items during the experiments in the field and
we considered their surfaces to be a mix of wet and dry. During the
measurements in the laboratory, the plastics were dry.

Of a surface area, A;, we considered plastic surface area, Ay, as the
surface area on which the plastic objects floated without overlap but

Table 1

including small gaps in, and between, object shapes (Fig. 1). We defined
f as Ap’/A, a parameter equal or approximate to f; because f is pro-
portional to f, we could use f to verify Egs. (1) and (2). Ideally, we
would have a large area covered with floating plastic items and take
reflectance measurements in the centre, far enough away from the
area's edge to exclude the contributions of open water leaving light. In
our experiment, the ground field of view (FOV) was the 20 cm radius
disk centred in a floating ring (Fig. 2). The ring's enclosure was divided
in four quadrants by thin black iron yarns to facilitate a partition. By
filling one, two, three and all four quadrants we derived corresponding
values for fractional plastic surface area, f’, of {0.25, 0.5, 075, 1} for the
area within the ring and all smaller concentric circular areas within.

2.2. Spectroradiometer in the field

Hyperspectral light reflectance measurements were carried out with
the Analytical Spectral Devices (ASD) FieldSpec Pro, a field spectro-
radiometer with a spectral range from 350 to 2500 nm and data in-
terpolated to 1 nm wavelength steps. We used the instrument in white
reference mode with a calibrated white Spectralon® reflectance panel.
The instrument's light sensor, with a fore optics field of view (FOV) of
18° attached, was mounted on the floating frame at 126 cm nadir height
above the water surface and connected to the spectroradiometer with a
1.4m fiber optic light guide (Fig. 2). Thus, a circular area of 20 cm
radius was in view, centred in the 28 cm radius area enclosed by the
matte black, floating ring. We measured reflectance values of the open
water surface (Ry ) and R; for plastic surface fractions f' = {0.25, 0.5,
0.75, 1}.

The responsivity of the ASD FieldSpec Pro can be uneven across the
measurement field (Mac Arthur et al., 2012). Also, the positioning of
the plastic items in the ring could be affecting R;. For each f value we
therefore took four repeat measurements by filling different quadrants
with plastic, averaging the four measurements and calculating the
standard error of the mean (SE). (f = 0.25 was measured by filling
quadrant 1, 2, 3 or 4; f = 0.5 by filling quadrants 1-2, 2-3, 3-4, or 4-1;
f = 0.75 by filling quadrants 1-2-3, 2-3-4, 3-4-1, or 4-1-2.) Following

The different plastic litter types used in the experiment. N is number of items that fit in one quadrant of the area under consideration (Fig. 1); V is volume, 1 is length,
w is width, h is height, and m is weight of one item; ‘Name’ indicates how object is referred to in this text.

Item Polymer N v 1 (cm) w (cm) h (cm) m (g) Surface Optical properties Name
Fig.
Insulation sheet Expanded polystyrene 1 1.4 28 radius 2.3 29 Flat Opaque white, grey specks EPS
Milk bottle High-density polyethylene 2 2 25 9 32 Flat/convex Semi-transparent white Il-Ié;)PE
Milk bottle cut in half High-density polyethylene 2 na 25 4.5 16 Flat/concave Semi-transparent white IlLIt]J)PE_h
Soft drink bottle small Polyethylene terephthalate 4 0.5 22.5 6 diameter 20 Cylindrical Transparent clear Il’(::T
Soft drink bottle large Polyethylene terephthalate 2 2 33 10 diameter 42 Cylindrical Transparent clear llDET_L

le
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Fig. 2. Experimental set up of the field experiment
showing the floating frame viewed from, (left) the side
with the light sensor in the top and the diameter FOV on
the ground in red, and (right) above with ground FOV in
red. The frame was constructed using white pvc pipes in a
pyramid shape and held afloat by a matte black buoyant
ring, divided in four quadrants by black iron yarn. Total
ground FOV was 0.13m? and total area under con-
sideration within the ring, A,, was 0.25 m?. Panel support
was fixed 34 cm below the sensor to keep the Spectralon®
reflectance panel in place during optimization and white
reference measurements.

Tilt
logger

—

N

v

< 56 cm > Iing= 28 €M

Garaba and Dierssen (2018), we smoothed the measured spectra using a
moving average filter with a span of 19 nm, before calculating their
mean. Before each measurement series of a plastics item (f = 0 to 1),
and also when the lighting conditions noticeably changed, we opti-
mized the FieldSpec Pro and took a white reference measurement. For
this we placed the calibrated Spectralon® panel 34 cm below the sensor.
In the field, one FieldSpec Pro reflectance data record was an average of
30 samples with a sample time of 68 ms or 136 ms depending on light
levels, resulting in a scan time of 25 or 4s. Due to low light levels
during our measurements, the data was generally noisy beyond the
second water absorption band and we decided to only use our mea-
surements at smaller wavelengths (< 1790 nm). We also removed all
data from the water absorption band, 1350 nm-1460 nm. A HOBO UA-
004-64 Pendant G logger was mounted on the bottom of the frame
(Fig. 1) for 1 Hz measurements of the pitch and roll of the frame during
the light reflectance recordings. We used the tilt angels as a measure of
water surface roughness, which could affect water surface reflectance as
well as reflectance of the objects floating on it.

2.3. Spectroradiometer in the laboratory

In addition to fieldwork, we measured spectral coefficients of diffuse
reflectance (rg;f), total reflectance (r), transmittance (t), and absorption
(a) of the plastic using the ASD FieldSpec Pro as a desktop spectro-
radiometer with ASD accessories that contain their own light sources.
The experiment took place with the window blinds down and the lights
off but not in complete darkness. The instrument was used in white
reference mode with an integration time of 136 ms and 100 samples per
data value and we applied a moving average filter with a 19 nm span to
the spectra. For deriving rqir, we attached ASD's high intensity contact
reflectance probe and measured light reflected from one layer of plastic

Ieoy= 20 cm
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pressed on top of a black light absorbing panel. For estimating r and t,
we used an ASD reflectance/transmittance integrating sphere with the
light source setting on ‘high’ to measure one layer of plastic. We applied
ASD's recommended method which corrects for substitution error,
whereby the white reference was run with the integrating sphere in the
reference configuration (ASD Inc., 2008). The total reflectance coeffi-
cient is the sum of diffuse reflectance, r4;;, and specular reflectance, rgpe,

r(d) = Tspe  + Taif (@] 3

The coefficient of absorption, a, can be derived from r and t as their
sum equals one,

rA)+tA)+a@@) =1 (C)]

Light hitting a (semi) transparent plastic bottle is reflected by, and
transmitted through, two layers of plastic. Nadir plastic leaving light
reflected by two parallel sheets of plastic in air can be described as the
sum of reflectance from top and from bottom layer (Fig. 3), so that
L=+8r+rP+6r+ Jg=rQ + QA+ + 1" + . ))La
Using the Taylor expansion for 1/(1 — x), reflectance for the two
layers, r», can be described by,

)

According to Eq. (5), reflectance of two separated layers of plastic in
air would be [1 + £*/(1 — r®)] times higher than that of one single
layer.

Naturally, measuring plastic reflectance in the laboratory was dif-
ferent from measuring plastic reflectance in the field where the plastic
item is floating on top of the water surface so that its underside is in
contact with water and not with air. Water has a higher refractive index
(n = 1.33) than air (n = 1.00) and is closer to that of plastic (n = 1.54

t(1)?

rz(/l) = r(/'t)(l + m

)
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Fig. 3. Diagram showing reflectance of light passing through two separated layers of (semi) transparent plastic in air.

for HDPE and n = 1.575 for PET (Scientific Polymer and Inc, 2013)).
Reflectance of light at the plastic-water interface will therefore be
smaller than at the plastic-air interface (Hecht and Zajac, 1974). This
can be clearly recognized in Fig. 1d where the plastic in contact with
water is visibly darker. In conclusion, the reflectance of a (semi-)
transparent layer of plastic floating on top of the water surface was
therefore expected to be lower than r, and of a plastic bottle higher than
r but lower than r,.

2.4. Survey conditions

We did three surveys between 10 and 18 October 2017 in a boating
pond in Thurso, Scotland (58°3527”N, 3°31’15”W) at a latitude where
we only had a two to four hour time window when solar elevation
angles were higher than ~20°. Although the present lighting conditions
(Table 2) were not those that usually support airborne or satellite re-
mote sensing (clear skies, high solar elevation angles), our measure-
ments did reveal characteristics of light interacting with floating plastic
items. At 20° solar elevation and for a clear sky, the percentage of
skylight is about 80% for 397 nm and 13% for 764 nm (Jerlov, 1968),
and this percentage was expected to have been higher during our sur-
veys due to the presence of clouds in the sky.

The water in the boating pond is connected to Thurso River, a small
river that drains a peat-rich catchment and is full of humic substances
(Batchelli et al., 2010). The pond contains these humic substances too
but is likely more complex with additional suspended minerals and
algal products. The water in the pond looked very dark. We measured
from the side of the pond where both the water depth and Secchi disk
depth were 0.9m. Surface roughness estimated by tilt angle of the
frame was highest during survey 2, but overall very small (Table 2).

Table 2

Survey details. Tilt angle is minimum to maximum average pitch or roll angle of
the frame during a FieldSpec Pro recording (average over a measurement series
of a plastic item).

Survey  Date Time (GMT)  Solar elevation ~ Sky” + tilt angle
1 10 Oct 2017 1104-1210 23.5°-24.6° 5 0.9°-1.3°
2 12 Oct 2017  1027-1220 21.4°-23.6° 2,3,7 1344
3 18 Oct 2017  1140-1309 21.2°-21.6° 6,7 0.6°-1.2°

@ Sky code as in the NERC FSF Data Log. [2] Thin Cirrus - sun not obscured;
[3] Thin Cirrus - sun obscured; [5] Cumulus over most of the sky - sun not
obscured; [6] Cumulus - sun obscured; [7] Complete cumulus cover.

3. Results
3.1. Reflectance spectra

Our reflectance, transmittance and absorption spectra measured
using the contact probe and integrating sphere are plotted in Fig. 4. The
reflectance spectra r and rg;r are replicated in Fig. 5 where our field
measurements are plotted. In Fig. 5 blue shows open water reflectance,
and the shades of grey reflectance with a range of plastic fractions
added. We found that the signal-to-noise ratio of the spectral re-
flectance measurements decreased with increasing wavelength and
with decreasing light intensity.

3.1.1. Water reflectance

Open water reflectance, R, o, did not reveal distinguished spectral
features. For surveys 1 and 2, water reflectance decreased with in-
creasing wavelength and was under 1% for wavelengths over 400 nm
and towards 0.5% near 1800 nm. For survey 3, the reflectance was
higher, being 2.5% and 1.5% respectively. Blue light absorption, as is
typical for humic substances (e.g., Bowers et al., 2000), was not re-
cognized in the spectra as reflectance did not weaken towards the
shorter end of the spectrum. This could be because of enhanced back-
scattering towards the lower end of spectrum by colloid material
(Stramski and Wozniak, 2005). For survey 3, the higher reflectance was
believed to be reflectance enhanced by a larger proportion of diffuse
skylight due to the lighting conditions (Table 2).

3.1.2. EPS, building foam

Laboratory. The sheet of EPS building foam was the most effective
reflector with r of roughly 90% and an absorption peak at around
1680 nm (r = 67%) and a smaller one (r = 85%) around 1140nm
(Fig. 4a). Diffuse and total reflectance were practically similar,
indicating that for EPS specular reflectance was near zero (Eq. (3));
no light was transmitted through the sheet (Fig. 4a).

Field. The measured field spectra, R,, for different levels of f are
illustrated in Fig. 5a—c, together with R, o, 7, and rg;s. During the first
field survey, R, for full EPS coverage agreed well with the spectra
derived in the laboratory. For decreasing f’, R, dropped accordingly
over the whole width of the spectrum, with the EPS absorption peaks
becoming shallower. During the consequent surveys, R, was lower for f’
of 1 and 0.75 but not for smaller f. During survey 3, R, dropped steeply
either side of the water absorption band.
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Fig. 4. Line plots showing total and diffuse reflectance coefficients, r and rg;f,
and transmittance coefficient, t, of one layer of plastic in air measured in the
laboratory, and absorption coefficient, a, derived from r and t (Eq. (4)). For (a)
EPS foam building sheet, (b) HDPE milk bottle, and (c) PET drink bottle; with r/
rqir in light green/red, and a and t in dark red and green respectively. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.1.3. HDPE, milk bottles

Laboratory. The overall reflectance of HDPE milk bottle plastic was
lower than of EPS (Fig. 4b); this was expected seeing that the plastic
was semi-transparent. For one layer of plastic, r peaked at 24% at
410nm, dropping off at lower and higher wavelengths and with
absorption bands around 1210 nm and 1730 nm. Specular reflectance
was significant, regarding the specular (diffuse) reflectance coefficient
was 8% (16%) at its peak. The proportion of diffuse reflectance
increased with increasing wavelength, from about rg = 0.65r at
410 nm to rqif = 0.92r at 1790 nm.

Field. During the first survey, peak R, at 429 nm (the centre of the band
somewhat shifted to the right compared to r) was 39.4% for f = 1, over
1.5 times higher than r (Fig. 5d) and significantly higher than 1.1 times
as calculated using Eq. (5) with t = 30%. (This was further investigated
using halved, single-layer milk bottles, which will be discussed later.)
During the first and third survey, R, followed r most closely for f of 0.5
while during the second pond survey, R, was at a lower level and
followed r more closely for f’ of 0.75 (Fig. 5e). For all surveys, overall
reflectance increased with increasing f while the absorption bands
deepened, exposing the absorption bands around 1210 nm and 1730 nm
clearly. Between the water absorption band and the right end of the
spectrum, R, was raised around 1600 nm, a feature best pronounced in
the first survey but not recognized in the laboratory spectra (Fig. 4b).
We have no clarification for this bump in R;.

3.1.4. PET, small drink bottles

Laboratory. The clear PET soft drink bottles were the least effective
reflectors (Fig. 4c). Reflectance of a layer of the PET was fairly
wavelength independent, with r (rg) fluctuating around 10% (just
below 8%) between 400 nm and 1790 nm, except for a distinctive
absorption band around 1660 nm. We found a slighter absorption band
in the water absorption band at 1410 nm.

Field. The spectra of R, obtained in the field showed a combination of
Ryo and r (Fig. 5g-h). R, decreased with increasing wavelength,
signifying the spectral shape of R, (seeing r was near constant).
During both surveys, R, was closest to rq;r and well under r for high f.
Evidence of the ‘two layers effect’” was therefore absent. The PET
absorption band at 1660 nm was distinguished in R; and deepened with
increasing f'.

3.2. The effects of item shape and size

Plastic litter is generally not in the shape of a flat, single layered
sheet (or two parallel sheets) as described by the model, and during
survey 3, the effects of shape and size of the different items on their
spectral reflectance properties were investigated.

3.2.1. EPS, height

Quadrants of EPS (Fig. 1a) were stacked on top of each other to
investigate the effect of item height on R, for f of 0.25. The spectra
(Fig. 6) show how R, increased with increasing height from 2.3 cm (one
layer) to 13.8 cm (six layers), demonstrating that the sides also con-
tributed to light received in nadir view. This included light reflected via
the surrounding water surface, as we could see a reflection of the stack's
sides on the water surface. The rate of increase was wavelength de-
pendent and stronger for wavelengths beyond the water absorption
band. For shorter wavelengths (A < 1350 nm), the R, rate of increase
with stack height appeared to level off.

3.2.2. HDPE, halve, single-layer plastic milk bottles

Milk bottles cut along their lengths (Fig. 1d) were used to evaluate
the reflectance of one single layer in the water. R, spectra for the range
of f values (Fig. 7a) show that for the single-layer plastic items, R, was
significantly lower than for the whole, double-layer bottles (Fig. 5f).
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Over the whole spectrum, R, was lower than r, and for
A < 1350nm and f = 1 close to rgir. This could be explained by the
underside of the plastic being in contact with water instead of air, re-
ducing light reflectance. The single layer HDPE appeared visibly darker
where it came in direct contact with the water it was floating on
(Fig. 1d). The ratio of R, for uncut milk bottles divided by R, for half
milk bottles varied between about 1.5 and 2.5 (Fig. 7b). The corre-
sponding ratio (r»/r) estimated using Eq. (5) increased from about 1.1
to 1.5 with increasing wavelength up to the HDPE absorption band at
1730 nm. Eq. (5) therefore noticeably underestimated consequences of
halving the bottle. We can think of a couple of causes for this under-
estimation. Firstly, Eq. (5) does not take into account reduced re-
flectance of the bottom layer due to it being in contact with water in-
stead of air. Secondly, item height can significantly enhance light
reflectance in nadir view, as we saw for the EPS foam sheets. Also, the
halved milk bottles were on the water with the concave side facing up
which was likely to reflect light differently than the convex side of the
whole bottle.

3.2.3. PET, large drink bottles

In addition to using small PET drink bottles (Fig. 1c), large PET
bottles (Fig. le) were used during survey 3 to measure spectral re-
flectance. R, for large bottles mostly varied around r for f of 0.75
(Fig. 8a) while for the small bottles R, was smaller than r for f of 1
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Fig. 7. (a) Line plots of R, using HDPE milk bottles that were halved overlength (Fig. 1d), floating in the pond for a range of surface fractions f = {0.25, 0.5, 0.75, 1}
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 5h). This implied that large bottles were more efficient light re-
flectors than small bottles, as possibly smaller gaps between smaller
bottles were not big enough to explain the difference.

R, for f = 1 was higher than r but well below r, and calculated to
vary between 16% and 17% either side of the PET absorption bandit
1660 nm (Eq. (5)). Hence, R, was between r and r,, as predicted for light
passing through two layers of a transparent medium. Using large bot-
tles, r (rqir) was closest to R, for f of 0.75 (0.5). The ratio of R, for large
bottles and R, for small bottles generally increased with increasing
wavelength from 1.2 to about 1.7 until the water absorption band with
a pronounced dip around 1130 nm (Fig. 8b). Beyond the water ab-
sorption band, the ratio varied between 1.4 and 1.6 with a dip around
1660 nm PET absorption band.

3.3. The concept model performance

The hyperspectral remote sensing model of Goddijn-Murphy et al.
(2018) was tested using Eq. (1) with ¢ = 1 (neglecting the shading
factor). The model should work for any wavelength in the VIS-NIR-
SWIR and following Goddijn-Murphy et al. (2018) we used 850 nm.
This wavelength was chosen as an optimum for low water- and high
plastic reflectance outside the visible light spectrum so that plastic
colour would not interfere. Scatter plots of R(850) as a function of f,
corresponding with the spectra shown in Fig. 5, are shown in Fig. 9. The
(f, Ry data were fitted to Eq. (1), with R,, c(850) the average over open
water data and the plastic reflectance on water, p,(850), the fitting
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coefficient. Fig. 10 is similar, comparing whole double-layer, and half
single-layer HDPE bottles, and small and large PET bottles. The re-
gression results and their estimated errors are tabulated in Table 3. The
regressions were highly significant for all plastic items, therefore sup-
porting our model. R,, o(850) differed significantly between the three
surveys and also changed during a survey. We believed the latter to be a
consequence of fluctuating lighting conditions (such as passing clouds)
and water surface roughness (generated by variable surface wind) and
not of changing water composition. For each survey and for all surveys
combined, p,(850) was significantly different between the plastic ob-
jects we used, an exception was halved HDPE milk bottles and PET
bottles (small and large).

The last column in Table 3 contains information about the sensi-
tivity of the single-band algorithm. Values of dR(850)/df are used to
indicate the sensitivity of the signal to changes in f, calculated as
pp(850) — Ry, 0(850) (Eq. (1)). The values were higher than previously
predicted (Goddijn-Murphy et al., 2018), taking into account the dif-
ferent definitions of R;. Goddijn-Murphy et al. (2018) base their pre-
diction on Fresnel reflectance of skylight, which represents only part of
the total reflectance of skylight and solar light. We found in this follow-
up study that diffuse reflectance, ry;s, is a major contributor to r (Fig. 4)
and reflects light in all directions so that the solar beam also reflects in
nadir view. dR./df was closer to rg;¢ than to rF as presumed by Goddijn-
Murphy et al. (2018). We investigated the relation between r and rg;s to
pp further.

Coefficients of reflectance measured in the laboratory, r(850) and

2
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Fig. 8. (a) Line plots of R, of large PET soft drink bottles (Fig. 1e), floating in the pond for a range of surface fractions f = {0.25, 0.5, 0.75,1} indicated in shades of
grey; Ry o, I and rg;¢ are plotted in blue, green and red, respectively, and (b) ratios of reflectance of large and of small PET bottles for f = 1. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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to the web version of this article.)
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rqif(850), of one layer, and r»(850) and rg;»(850) derived for two layers
are summarized in Table 4. For EPS, p,(850) agreed well with r(850) for
survey 1 but was smaller than r(850) for the following surveys. For the
one layer of a halved HDPE bottle, r(850) was greater than p,(850)
although the significance of the difference was marginal. For whole
HDPE milk bottles, p,(850) matched r,(850) during survey 2 but during
the other surveys p,(850) was considerably higher. Like for EPS,
pp(850) was largest for survey 1. For small PET bottles, p,(850) was
similar to r(850) while for large PET bottles p,(850) was higher and
between r(850) and r,(850) as predicted. In summary, we could not
satisfactorily calculate field measurements of p, from reflectance coef-
ficients r or ry for all plastic items. We believe these measurements
should be repeated under more constant lighting conditions.

The influence of litter height on R.(A) was clearly visible for EPS
(Fig. 6). Corresponding p,(A) appeared to saturate with height, and the
saturation curve was dependent on wavelength (Fig. 11). For 850 nm,
pp(850) levelled off at —0.8 cm ! exponential rate to 25% while at the
EPS absorption peak p,(1680) the respective values were — 0.4 em™!
and 18%.

3.3.1. Shading factor

The shading factor e(f,A) in Eq. (1) is an effort to account for the
reduction of subsurface light introduced by the presence of plastic and
defined by the subsurface ratio of downwelling radiance in the presence
of surface plastic and without. Goddijn-Murphy et al. (2018) derived an
approximation (1 — ¢1f) /(1 — caf) = (1 — ¢1f) for e. The denominator
can be approximated by one because ¢, equals the product of subsurface
plastic reflectance, p,w, and subsurface water reflectance, rys, so that
ppwlwsf = 0. The term c; is described by (1 — zp,/7w), with 7, and 7,
the transmission coefficient of down welling radiance through the
floating plastic and through the open water surface respectively. Re-
gressing our measurement data against R, =(1—cif)
Rw,o + f(pp — (1 — c1f)Ry,0) instead of using £ =1 in Eq. (1) did in-
deed somewhat improve the regressions for those with a coefficient of
determination (R?) smaller than 0.92 (Table 3). We found values for ¢;
ranging from —6 * 1 (HDPE, survey 2; R>=1.00)to —1 = 5 (small
PET, survey 3; R? = 0.89), which would imply 7,, > 7,, and hence an
intensification of subsurface light instead of the expected darkening
introduced by plastic at the water surface. We could therefore not show
evidence for a shading effect.

3.3.2. Dual band algorithm

We assessed the dual band theory (Eq. (2)) by linear regressing
AR; = R{(A1) — R{(A,) against f’ (forced through zero), so that the re-
gression coefficient signified Ap, = p,(A1) — pp(A2). Regression results
are shown in Table 5. For A; we chose 850 nm where p, is high and
outside VIS, and A, where p;, is low (plastic absorption band) and where
Ry o(A2) = Ry, 0(A1). Light reflected at water at wavelengths larger than
850 nm consists of direct reflected light, which is practically wave-
length independent, and hence we chose A, > A; in the SWIR. We
found plastic absorption bands at 1680 nm, 1730 nm and 1660 nm for
EPS, HDPE, and PET respectively (Fig. 4). We applied the dual band
algorithm for the three plastic types also at the PET absorption band to
evaluate how one common value of A, performs. If we regard dAR,/
df = Ap;, as a rate of sensitivity of the RS signal to changes in f, we can
see it is strongest for EPS and weakest for PET with HDPE in the middle,
similar to the single band signal. Naturally, for each plastic Ap, is
highest if A, is selected at its specific absorption peak. However, using
A, at the PET absorption peak, Ap,, for EPS and HDPE is higher than for
PET itself. The signal of the dual-band signal is generally weaker than of
the single-band (dR./df in Table 3), but for HDPE not in a major way if
A, is chosen at the HDPE absorption peak.

For comparing field data with laboratory results we calculated
delta_ry;r and delta_r for one layer, and delta_rg;r» and delta_r, for two
layers, of plastic (Table 6). For EPS, with A; = 850 nm and A, at its
absorption band at 1680 nm, Args and Ar agreed with Ap, during



L. Goddijn-Murphy, J. Dufaur

30 a) Survey 3;. A =850 nm

@ HDPE

25 ¢ ]
HDPE, half

20
15

o
o~
L
x

10

0.5 0.75
I

0.25

Marine Pollution Bulletin 135 (2018) 1145-1157

b) Survey 3; A =850 nm

15
PET

¢ PET, large

0.5 0.75
£

0.25

Fig. 10. Scatter plots of Ry = R(850) as a function of f’, with the error bars indicating the standard errors of the mean over the four repeat measurements and the lines
the fits of (f, RJ) to Eq. (1) using € = 1 (Table 3). Ry, ((850) is plotted as blue dots, and (a) R, using HDPE whole/half milk bottles as red/pink squares, and (b) R using
PET small/large bottles as light/dark green diamonds. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 3

Regression results of a fit of (f, R(850)) to Eq. (1) using ¢ = 1, with R,, o mean
R.0(850) and p;, the fit coefficient; SRy is the standard error of the mean, 8p,
the error of the fit coefficient with 95% confidence bounds, R? the ‘coefficient of
determination’, and dR./df" estimated by p,-Ry,0.

Object  Survey Rwo (%) 8Rwo (%) pp (%) 8p, (%) R®>  dR/df
(%)

EPS 1 0.713 0.004 88 5 1.00 87
2 0.78 0.04 76 6 098 75
3 2.28 0.04 77 4 099 75
1,2and 3 1.3 0.5 80 4 0.96 79

HDPE 1 0.67 0.05 28 3 098 27
2 1.38 0.05 18 3 091 17
3 2.51 0.01 24 1 1.00 21
1,2and 3 1.5 0.5 23 2 082 22

HDPEh 3 2.16 0.04 11 2 085 9

PET 2 1.02 0.03 10 1 092 9
3 2.54 0.01 9 2 0.86 6
2and 3 1.5 0.8 9.5 1 0.85

PET L 3 3.05 0.05 13 1 099 10

Table 4

Coefficients of total and diffuse reflectance, r and rg;;, of one layer in air mea-
sured in the laboratory and calculated for two layers (Fig. 3), respectively r» and
Taif2, using ¢, r and rqir (Eq. (5)).

Polymer r(850) (%) r2(850) (%) 14i(850) (%) T4ie2(850) (%)
EPS 90.1 NA 90.3 NA

HDPE 13.3 18.5 9.7 13.5

PET 10.0 16.8 8.0 13.5

surveys 1 and 2 but both significantly underestimated Ap, during
survey 3. Using A, at 1660 nm, Arg;r and Ar underestimated Ap, during
all surveys. For single-layered half HDPE bottles, Ar agreed with Ap,
using both A, wavelengths 1730 and 1660 nm. For bottles we should
use rp (Eq. (5)), instead of r, to calculate Ar, and predict Ap,. This
improved the estimations for PET bottles using Ary (Argir;) for small
(large) bottles. For whole HDPE bottles, Arg;r» and Ar, underestimated
Ap, with A, at its absorption band and even more at 1660 nm. In
summary, for single layers Ap, is well predicted by Ar if A, is at the
polymer specific absorption band while for double layers the relation is
more complicated.

4. Discussion

The lighting conditions during our surveys were not as usual for RS
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Fig. 11. Scatter plots of R((A) as a function of EPS height h [cm] using f of 0.25;
black/grey dots indicate A = 850/1680nm and black/grey lines respective
curve fits R{(850) = 25(1 — exp(—0.8h)) and R(1680) = 18(1 — exp
(—0.4h))0.

Table 5

Linear regression results of Ry(A;) — Ry(A>) against f (Eq. (2)) revealing fit
coefficient Ap,(A1,A2) with A, = 850 nm and A, as indicated; 8Apj, is the error of
the fit with 95% confidence bounds, and R? the ‘coefficient of determination’.

Object Survey Apy 8App R? Ap, 8App R?
A2 = 1680 nm Az = 1660 nm
EPS 1 25 2 0.99 13 1 0.99
2 23 2 0.98 14 1 0.99
3 37 4 0.99 30 5 0.97
1,2and 3 28 4 0.80 19 5 0.54
Ay = 1730 nm Ay = 1660 nm
HDPE 1 25 2 0.99 16 1 1.00
2 15 2 0.96 11 1 0.99
3 19 1 0.99 12 1 1.00
1, 2and 3 20 3 0.80 13 2 0.83
HDPE_h 3 7 2 0.87 5 1 0.83
Ay = 1660 nm
PET 2 5 1 0.93
3 4 1 0.83
2and 3 4.6 0.6 0.83
PET_L 3 6.1 0.7 0.98
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Table 6
Calculations of Ar = r(850) — r(Ay) and Ar, = r,(850) — ra(A,) using Egs. (3) &
(5) with total and diffuse reflectance, and A, as indicated.

Object Aa Argic (%) Arais (%) Ar (%) Ars (%)
EPS 1680 25 NA 23 NA
1660 10 NA 9.4 NA
HDPE 1730 3.7 5.9 7.3 11
1660 2.3 1.9 4.3 4.3
PET 1660 2.8 5.9 13 4.1

missions which are routinely executed during high solar angles and
clear skies. However, we could use our measurements to study the in-
teraction of sunlight with a plastic littered water surface. The fitting
coefficients of our optical model were expected to change with lowering
solar angle and increasing fraction diffuse skylight but not to necessa-
rily perform worse. This would depend on how different the reflecting
properties of the plastic litter are from the water it is floating on.
Nevertheless, the light levels were low and the noise of the spectro-
radiometer increased with decreasing light levels and increasing wa-
velength. We were able to obtain reflectance spectra and verify our
hyperspectral concept model for wavelengths smaller 1790 nm. Plastic
reflectance in the field was loosely related to the reflectance coefficient
of the plastic measured in the laboratory, but the changeable lighting
conditions between surveys and during surveys made it difficult to be
precise.

The plastic items we measured were a selection of all buoyant
plastics littering the ocean, chosen to cover a range of optical properties
and because of their convenience. They were (1) white, opaque EPS
building foam, (2) white semi-transparent HDPE milk bottles, and (3)
clear transparent PET soft drink bottles. They were useful to verify the
concept of our optical model and easy to handle, but we necessarily
excluded other types of important plastic litter items such as fishing
nets, ropes, plastic sheets, buoys and fish boxes, and items made of
different compositions, for example, polypropylene (PP) and polyvinyl
chlorine (PVC). We also have to keep in mind that plastic items are not
the only buoyant litter that reflect light and that we should consider
debris such as drift wood and steel drums. However, this might be less
of an issue in the open ocean. Comparing mean litter densities from
recent worldwide data, Galgani et al. (2015) found that over 70%, and
frequently close to a 100%, consists of plastic. In the GPGP, plastics
represent > 99.9% of marine litter (Lebreton et al., 2018). We could
develop RS algorithms based on more than one or two wavelengths to
separate between different polymers (Garaba and Dierssen, 2018) and
plastic from non-plastic litter. We could also apply shape recognition
techniques to visual images to obtain more information about the litter
(Martin et al., 2018). It is likely that successful RS algorithms for marine
plastic will be based on complimentary approaches.

The chemical composition of the plastics explained their spectral
signatures and the location of their absorption bands determined by
their absorption spectra (Fig. 4). The location of these absorption bands
is of major importance when developing RS algorithms but our aim was
not to add to the spectral reference library of plastics (e.g., Garaba and
Dierssen, 2017, 2018). Instead, we focussed on other, physical, plastic
litter properties that obviously affect light reflectance. We could illus-
trate the importance of this by shattering a clear glass bottle into very
small pieces. A pile of accumulated glass fragments will no longer be
see-through and therefore reflect light differently than the glass bottle,
although it is composed of the same material. In this study, we look at
the ‘glass bottle’. We used 850 nm wavelength for our evaluation, at this
NIR wavelength, plastic reflectance was high and water reflectance low,
but our optical model (Eq. (1)) could apply to any wavelength such as at
an absorption band. Another reason for choosing 850 nm is that it could
benefit the use of cameras with a NIR-band for monitoring drifting
plastic.

Our measurements

implied that reflectance increased with
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increasing opacity, item height, volume and number of layers. As the
plastic littering the oceans is a mix of all kinds of items, one universal
RS algorithm applicable to marine plastic litter is therefore not feasible.
But even if we could, how do we express the unit of plastic con-
centration? Is percentage surface coverage, like we used in this paper,
adequate? Or should it be a numerical concentration defined by number
of particles per unit surface (classified by size), or a mass concentra-
tion? Particle numbers are used in the assessment of exposure risks
while measurements of mass are required for mass balance and emis-
sion studies (van Sebille et al., 2015). As a first approach we could
quantify surface plastic concentration in terms of the reflectance of one
type of plastic, for example a sheet of white EPS and normalize R; to p,
of EPS and call the unit [reps], i.e., Ry = R¢/pp,eps [reps]. We could
then combine Ry, with knowledge of marine plastic litter constituents,
such as collected by Eriksen et al. (2014) and Lebreton et al. (2018),
and plastic item specific p;, values to derive total numerical/mass sur-
face concentration. For developing practical RS algorithms, we need to
acquire knowledge about what floating plastic litter is composed of.
Another approach could be to define a threshold for plastic detection
and classify pixels as plastic present or no plastic present (regardless of
plastic concentration in ground pixel).

By finding macroplastics, we anticipate to find a growing source of
microplastics (Filella, 2015) and we could use the anticipated correla-
tion between the two to estimate the abundance of microplastics. The
relation between micro- and macroplastics needs further study; at the
moment not near as much microplastic has been found as we would
expect (e.g., Eriksen et al., 2014). One of the removal processes is the
sinking of microplastics (enhanced by biofouling), making them ‘in-
visible’ to infrared light. The absorption coefficient of pure water, a,,, is
0.041/5.0 cm ™! at A of 850,/1660 nm (Irvine and Pollack, 1968), which
means that 90% (99%) of light just below the water surface is absorbed
by water over the top 0.5m/0.5cm (1 m/1cm) (estimated by, % ab-
sorbed = 100 x e~2¢ for path length d). Studies of depth profiles of
marine plastic litter could help calculate subsurface plastic from surface
observations (Kooi et al., 2016).

Garaba and Dierssen (2018) show that the reflectance of marine-
harvested microplastics is significantly suppressed by wetting with fil-
tered seawater, from 12% in the UV to nearly 90% in the SWIR. This
cannot be explained by just light absorption in a thin film of water, for
example at 600 nm they measure a reduction of about 75% (Fig. 6 in
Garaba and Dierssen, 2018). At this wavelength a,, is 0.0015cm ™!
(Irvine and Pollack, 1968) independent of salinity (Pegau et al., 1997)
and a 75% reduction would require almost 2m of water. Other me-
chanisms contribute to the weakening of reflectance at a wet surface
(Lekner and Dorf, 1988). For finely divided media, such as sand and
aggregated microplastics, the idea of enhanced forward scattering when
the interstitial space in the medium is filled with water would seem to
apply (Lekner and Dorf, 1988). For solid rough surfaces (such as of
macrolitter), reduced reflectance by a thin film of water is better ex-
plained by water having a higher refractive index than air, which can
cause a fraction of diffuse reflected light at the plastic to totally reflect
back down at the water-air interface (Lekner and Dorf, 1988). The
rougher the surface, the more diffuse reflection, and thus the more total
internal reflection at the water-air interface. (A ray of light reflecting at
an optically smooth surface will not be totally reflected at a water-air
interface on top.) As the EPS foam consists of small EPS beads pressed
together it could be an intermediate case so that enhanced forward
scattering also contributed. Compared to absorption coefficient, the
refractive index of water does not change much with wavelength. Water
absorption largely increases with increasing wavelength and becomes
more important in the SWIR spectrum, enhancing the suppression of
reflectance in the NIR and SWIR. We did not control the wetness of the
plastic items in our field experiment, we considered them to be a
random mix of dry and wet, but it should be studied in follow-up re-
search. Another subject of further research should be the effect of
biofouling and weathering of the litter on its optical properties.
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Using the hyperspectral model, we explored options for a simple
working RS method. The single-band is expected to be more sensitive
than the dual-band signal but for the single-band, reflectance of clear
water, Ry, o, needs to be known a priori. If Ry, o cannot be estimated
from measurements, models, historic data, or otherwise, but is not ex-
pected to change much, the single-band signal can still give us relative
values, i.e. spatial distribution patterns or trends in abundance. An
advantage of the single-band algorithm is that it needs only one band in
the NIR, and that the selection of wavelength centre and width does not
need to be as precise as for the dual-band algorithm. Now that low-cost
digital cameras that feature a band in the NIR are coming on to the
market, this could make RS affordable. We do not need to know R,, ¢ in
the dual-band algorithm but its signal is less sensitive to changes in
surface plastic. Also, the wavelength centre and width of the second
band in the SWIR are critical as it should contain a plastic absorption
band. Our experiments were executed using plastic floating in an inland
water. The results should be transferable to other water types such as
coastal and oceanic, as long as its reflectance is significantly lower than
that of plastic. It is difficult to determine what the smallest surface
concentration of detectable plastic litter within a ground FOV could be
as it greatly depends on the reflective properties of the plastic (p, or
App), how certainly we know Ry, o, and the noise in measurements of R;.
This should be a subject of further experiments under better lighting
conditions.

5. Conclusion

A handheld spectroradiometer can easily observe plastic litter
floating on a water surface and our observations confirmed a theoretical
concept model (Goddijn-Murphy et al., 2018). Reflectance of the plastic
items floating on the water surface in natural daylight loosely corre-
sponded with the reflectance coefficients of the materials obtained in
the laboratory. We believe that the varying lighting environment be-
tween and during the surveys affected this correspondence. The relation
between measured reflectance and plastic surface fraction was highly
sensitive to the type of polymer and also to the transparency, shape and
surface roughness of the plastic item. We can therefore not propose one
general RS algorithm for estimating surface fraction of plastic litter
floating on natural waters, let alone weight or numerical concentration,
from light reflectance data alone. Studies about the constitution of
marine plastic litter (e.g., types and sizes, and relation between macro
and micro) would help advance our RS algorithms. We derived plastic
item specific RS algorithms for low solar elevation angles and in
varying presence of clouds, and we expect RS parameters to be different
and more consistent under clear skies and high solar elevation angles.
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