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A B S T R A C T   

Current riverine plastic monitoring best practices mainly consider surface observations, thus neglecting the 
underlying distribution of plastics in the water column. Bias on plastic budgets estimations hinders advances on 
modelling and prediction of plastics fate. Here, we experimentally disclose the structure of plastics transport in 
surface water flows by investigating how thousands of samples of plastics commonly found in fluvial environ-
ments travel in turbulent river flows. We show for the first time that surface tension plays a key role in the 
transport of plastics since its effects can be of the same magnitude as buoyancy and turbulence, therefore holding 
a part of the dispersed buoyant plastics captive by the water surface. We investigate two types of transport; 
surfaced plastics (surface tension-turbulence-buoyancy dominated), in contact with the free surface, and sus-
pended plastics (turbulence-buoyancy dominated). We prove that this duality in transport modes is a major 
source of error in the estimation of plastic budgets, which can be underestimated by 90 % following current, 
well-established monitoring protocols if sampling is conducted solely in the water surface. Based on our 
empirical findings, we optimize physics-driven monitoring strategies for plastic fluxes in rivers, thereby 
achieving over a ten-fold reduction of the bias and uncertainty of riverine plastic pollution estimates.   

1. Introduction 

The presence of plastic polymers in industry products intensified 
over the past decades (Geyer, 2020), which was also accompanied by 
growing leakages into the environment (Geyer et al., 2017; Jambeck 
et al., 2015; Thompson et al., 2009). Geyer et al. (2017) estimated a 
global 381 million tons/year of plastics production, with 79 % of plastics 
ending up in landfills or the environment. Meijer et al. (2021) suggested 
that 0.8-2.7 million metric tons per year are diffusively delivered by 
rivers into the sea, which is in order-of-magnitude agreement with other 
studies (Lebreton et al., 2017; Schmidt et al., 2017). The spatial extent of 
plastic pollution dispersion is unprecedented (Andrade et al., 2021; 
Napper et al., 2020) as well as its capacity to act as supporting vectors 
for different hazardous species (Cole et al., 2011; Grossart et al., 2019; 

Haram et al., 2021; Li et al., 2018). In addition to potential impacts on 
human health (Jenner et al., 2022; Leslie et al., 2022), other life on land 
and water can also be impaired by plastic waste (Bergmann et al., 2015; 
Derraik, 2002; Thompson et al., 2009). 

Anthropogenic activities involve large amounts of plastics that can 
potentially enter the freshwater network (Lechthaler et al., 2020). 
Given that only a small percentage of mismanaged plastic waste rea-
ches the marine environment (Lechthaler et al., 2020; van Emmerik 
and Schwarz, 2020), efforts should be put into quantifying the trans-
port and retention in the river catchment. Rivers, undeniably, can 
enable fast and far reaching conveyance of plastics, hence serving as 
highways of plastic litter pollution. However, little is known about 
detailed transport mechanisms within built and natural water net-
works (Waldschläger et al., 2022). Plastics in rivers can be observed 
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travelling well within the water column (herein, suspended) or afloat at 
the free surface (surfaced). However, river surveys frequently sample 
plastics only at the free surface (Geraeds et al., 2019; Kataoka and 
Nihei, 2020; van Emmerik and Schwarz, 2020; Vriend et al., 2020), 
thereby enclosing considerable uncertainty and systematic biases since 
they overlook a great part of the water column (Cowger et al., 2021; 
van der Wal et al., 2015). 

Most exhaustive studies conducted on plastic hydrodynamic 
mechanisms have focused on quiescent water conditions 
(Waldschläger et al., 2020; Waldschläger and Schüttrumpf, 2019). 
Only Zaat (2020) has addressed plastics transport in a turbulent flow 
under laboratory conditions, but suspension was assumed to be the 
only mode of transport in the water column, thus not addressing 
distinctive mechanics of surface transport. Detailed knowledge on 
plastic-water dynamics is still scarce and may prevent accurate pre-
diction of the fate of plastics in riverine environments under different 
fluvial conditions. 

In this study, we identify and characterize a near-surface layer in 
which surfaced transport (namely, plastics protruding the free surface), 
coexists with a modulated suspended transport. We statistically infer, 
for the first time, that suspended transport in the remaining water col-
umn can be explained by classic suspended-particle theories (likewise 
natural sediments, see Cowger et al., 2021; Waldschläger et al., 2022; 
Zaat, 2020), whereas we describe a newly devised –and often dominant– 
mode of transport occurring at the water surface in which surface ten-
sion plays a major role. We reconstruct three-dimensional trajectories at 
millimeter to sub-millimeter accuracy for over 3,400 macroplastic 
samples being transported by fluvial-type flow conditions. Finally, we 
assess the bias and uncertainty of common riverine plastic monitoring 
best practices and provide strategies that yield over a ten-fold reduction 
of errors in the quantification of plastic budgets. 

2. Theory: plastic transport processes in the upper water column 

2.1. Balance of forces 

We consider a 3D control volume including a plastic element any-
where in the upper water column and any attached bubbles (Fig. 1). We 
apply the second Newton’s law in the vertical direction for a constant 
mass control volume: 
∑

Fz = M
dup,z

dt
(1)  

with M the total mass of the control volume (water, air and plastic) and 
up,z its instantaneous vertical velocity at a time t. The sum of gravity, 
turbulence and surface tension forces includes (Crowe et al., 2012; 
Hohermuth et al., 2021): 
∑

Fz = Fρ + Fb + Fw + Fσ (2)  

with Fρ including the weight and buoyancy forces, Fb the added-buoyancy 
force given by bubbles attached to the plastic elements, Fw the force due to 
the plastic element coupling with the water flow, and Fσ the surface 
tension force occurring in the plastic-water-air contact line when the 
plastic protrudes the water surface. For the water-plastic coupling, we 
assume that the drag force is a reasonable approximation (Fw ≈ FD, see 
Appendix A). Other forces could be considered in Eq. (2) (Crowe et al., 
2012; Hohermuth et al., 2021), but are deemed less relevant under steady 
flow conditions in the upper water column. Detailed expressions for the 
forces of Eq. (2) are presented in Appendix A. 

2.2. Ratios of dominant forces 

Depending on which forces dominate the force balance, different 
transport regimes may be expected. The most commonly studied mode 
of particles transport is suspension, which is explained by the ratio of 

buoyant to turbulent forces. It is well established that small particles in 
suspension are driven by the ratio of buoyancy and turbulence forces, 
which can be expressed by the Rouse number (Rouse, 1961): 

β = w/κu* (3)  

with w being the rising velocity of the suspended particles (or the 
settling velocity, for sediments), κ (= 0.41) the von Kármán constant and 
u* the flow shear velocity. The parameter β determines the shape of the 
Rouse profile, which is a theoretical profile for suspended particles in 
turbulent water flows under the assumption of parabolic and symmetric 
eddy diffusivity distribution across the water column (Eq. 245 of Rouse, 
1961): 

C
Ca

=

(
1 − η/η0

1 + η/a

)β

(4)  

where Ca is the concentration at a reference level a (> 0) below the free 
surface, or above the channel bed for settling particles, and η the dis-
tance starting at the level a in downwards direction (for rising particles, 
and upwards for settling particles); C is the suspended concentration and 
η0 the distance from the level a to the channel bed (or to the free surface 
for settling particles). For positively buoyant plastics and downward η, 
the rising velocity is positive and hence β > 0. Here, we used quiescent 
transport experiments repeated three times to determine w for each 
plastic sample considered. In sediment transport, β may also be used to 
determine the dominant mode of sediment transport; for instance (see 
Table 1 of Cowger et al., 2021; and Eq. 5.1c, p. 262 and p. 403 of Dey, 
2014): bed load, suspended load (β < 1.5 to 2.5) and wash load (β <

0.8). Eq. (3) (and Eq. (4)) consider a turbulent Schmidt number of 1 (i.e., 
turbulent momentum diffusivity equal to the turbulent mass diffusivity, 

Fig. 1. Forces driving the transport of plastics in river flows. Elements 
considered: A plastic cup, B plastic film, C face mask; D, E and F for the rep-
resentation of the forces acting in the corresponding plastic element. 
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see Gualtieri et al., 2017; and Eq. 3 of Waldschläger et al., 2022). 
Bubbles attached to the plastic particle can represent an additional 

source of buoyancy, and thus the total buoyancy may be better 
expressed as Fρ + Fb. Provided that w is determined from rising/settling 
velocities of particles in quiescent water, attached bubbles may also be 
present, similar to the transport in turbulent flows. Therefore, it is here 
assumed that β is representative of the total buoyant force. This also 
implies that experiments in quiescent flows to determine w should be 
comparable to the protocols used for turbulent transport testing. In 
Appendix A and Appendix B, we show that bubbles attached to the 
plastic samples cannot explain the surface concentrations observed in 
experiments. Since the contribution of bubbles to the total buoyancy 
commonly remains at least one order of magnitude smaller than the 
buoyancy or surface tension (Appendix B, based on laboratory obser-
vations of bubbles attachment), Fb is disregarded in the following. 

Another relationship of forces can be expressed as the ratio of surface 
tension (explained by the vertical projection [sinθ] of the surface tension 
σ acting over the air-water-plastic contact line length l σ) to turbulent 
forces (due to the turbulent drag of water with density ρw, explained by a 
relative velocity difference ΔU , a drag coefficient CD and a plastic area 
exposed A). Differently from buoyancy, this is only active in the upper 
layer of the concentration profile and when the plastic element pro-
trudes through the water surface (Appendix A): 

Fσ

FD
=

l σσsinθ
1
2ρwCDA ΔU |ΔU |

(5) 

We assume that l σ can be expressed by the two main orthogonal 
dimensions l max and l ⊥ (maximum main axis of a particle, and its 
orthogonal counterpart, see Materials and methods). This implies: 

ℓσ ≈ 2(ℓmax +ℓ⊥) (6) 

We further assume that the contact angle vertical projection may 
remain constant across the interfacial contact line, and the following 
term will be approximated as sinθ ≈ sin30 = 1/2. For the drag forces 
(Appendix A), we also assume that the vertical transport (drag) will be 
driven by turbulent fluctuations, and consequently: 

ΔU |ΔU | ∼ u*
2 (7) 

The drag coefficient is however variable, and Reynolds dependent, 
and different plastic element geometries may show different plastic- 
water coupling. However, we assume here a representative value of 
CD ≈ 0.5. The area of the particle projected in the direction of the 
dragging flow can be expressed as a fraction (fA) of the area enclosing 
the object, which can be written as: 

A = fA (l max⋅l ⊥) (8)  

where fA may depend on the shape and deformability of the object. For 
the sake of simplicity, we assume a representative value to be in the 
order of fA ≈ 0.5. Bringing together Eq. (5) to Eq. (8), a ratio for the 
surface tension to turbulent forces acting on a particle can be intro-
duced, which takes a form similar to an inverse (plastic-based) Weber 
number: 

Γ =
σ(l max + l ⊥)

(
1
2

)3ρw(l max⋅l ⊥)u*2
=

8σ
ρwu*2

(l max + l ⊥)

(l max⋅l ⊥)
(9) 

In Eq. (9), the numerator is proportional to the interfacial contact line 
whereas the denominator increases with the area of plastic exposed to 
turbulence. This implies that surface tension effects become more 
important (greater Γ) when the element is small, or the flow velocity 
decreases. Besides, although not captured in Γ, plastics with a corrugated 
shape (or high fractal dimension) would represent larger interfacial 
contact lines than considered in Eq. (9), thus subject to a stronger surface 
tension influence. Appendix A also presents the derivation of a plastic- 
based Bond number (buoyancy to surface tension ratio), but we deem 
more convenient to present the results based on β and Γ since buoyancy 
and surface tension both act in the same direction in this study. 

3. Materials and methods 

3.1. Experimental setup 

Experiments were conducted in the Hydraulic Engineering Labora-
tory of the Delft University of Technology. The plastic turbulent trans-
port experiments took place in a rectangular flume (Fig. 2A-E), with 
main dimensions: 14.40 m long, 40 cm deep, 40 cm wide, and bed slope 

Fig. 2. Experimental flume. A Side view, B sketch and main dimensions, C granulometry of the sand plates (and median grain size, d50), D channel view from 
downstream (dry channel), E observation window and ArUco markers for automatic camera referencing, F front cameras arrangement and G fixation of a frontal 
camera. Front cameras are fixed in a different, side channel (1.53 m apart), and are separated 34 to 43 cm from the central one. Upper cameras (F) are at the free 
surface level (H). 
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estimated at 0.00026. A 9.58 m long rough bed was installed to enhance 
turbulence in the flow. The rough plates included closely packed sand 
grains with median diameter of 0.67 cm. The granulometry curve is also 
included in Fig. 2C for completeness. 

Rising tests were conducted in a separate flume to characterize the 
rising velocity of the plastic samples under quiescent conditions. The 
samples were introduced with a long grabbing arm and were released 
after the water surface seemed undisturbed. For this test phase, a static 
water tank was prepared in the middle of a horizontal flume after closing 
both ends with wood boards and water-proofing both ends. The di-
mensions of this water tank are 84 cm in depth and 77 cm width with 
over a meter in length. A wooden frame was used to position four GoPro 
HERO9 cameras and record the rising process of the introduced samples. 
Velocities were obtained at 10 different levels during the rising process 
and tests were repeated three times. 

3.2. Flow hydrodynamic characterization 

Five different flow conditions are considered in the plastic transport 
experiments. These discharges are used for all plastic classes considered 
in the experiments. All discharges represent subcritical flows with high 
Reynolds number (Table 1). Water levels in the flume were controlled by 
a downstream gate. The flow depth was both estimated in the flume with 
a point gauge for each experiment, obtaining a mean value of 0.278 m 
(+/- 1 mm, gauge resolution). Several camera recordings were analyzed 
obtaining a mean water depth of 0.278 m (+/- 1.2 mm, as STD of 10 
estimations). 

The flow characterization is carried out through velocity measure-
ments at 2 cm vertical intervals using an Acoustic Doppler Velocimeter 
(ADV, Vectrino +, Version 1.24.00) and upstream hydrogen bubble 
seeding (Blanckaert and Lemmin, 2006). Each point was sampled for at 
least 2 minutes, which was determined as long enough recording based 
on preliminary longer samplings. The sampling frequency was adjusted 
between 100 and 200 Hz, and transmit lengths between 1.8 and 2.4 mm, 
depending on local signal quality. Each ADV time series was analyzed 
following the protocol of Appendix C. 

The water discharge was obtained by fitting a theoretical velocity 
profile (log-wake law and potential flow outside of the boundary layer) 
to the water velocity measurements and integrating them using a trap-

ezoidal rule (from bed level to water surface). This was done for all five 
discharges in three different cross-sections (Fig. 2B), with the farther 
downstream cross section sampled twice – the latter time with 1 cm 
vertical resolution to assess sensitivity to vertical spacing in the mea-
surements. This resulted in roughly identical discharge estimations. 
Several, redundant estimations of the discharge at different cross- 
sections allowed estimating an uncertainty level for this variable (εQ, 
100⋅STD/mean of 2.4 %). 

3.3. Plastic samples 

We consider different clean, positively buoyant macroplastic samples 
for the water transport experiments (Fig. 3 and Table 2). These are 
selected to be representative of riverine plastic litter observations while 
including different mechanical properties: i) rigid 3D objects (cup-sha-
ped, Fig. 3A-D), ii) (quasi–)2D rigid fragments (Fig. 3E-F), iii) plastic bag 
films (Fig. 3G-J) and iv) face masks (Fig. 3K-M). Samples iii and iv are 
subject to deformations by hydrodynamic stresses and, when inserted in 
a turbulent flow, the plastic elements buckle and warp (Fig. 3H,J,L,M). 

According to observations of van Emmerik et al. (2020), samples i-iii 
belong to the 20 most widely found plastic elements in the Rhine-Meuse 
delta riverbanks and are also representative of previous monitoring 
campaigns in Asia (van Emmerik et al., 2018). Masks are also considered 
in our study given their sudden increase in the pollution share experi-
enced during the COVID-19 period (80-fold observed increase of masks 
in litter, according to Roberts et al., 2021). Further characteristics of the 
samples used in the experiments are presented in Appendix D. 

Materials composing the experimental samples include: Poly-
propylene (PP, for cup samples) and High-Density Poly Ethylene (HDPE, 
for films). A material common in riverine litter not directly considered 
here is Expanded Polyestyrine (EPS). Given its low density (between 
0.016 to 0.640 g/cm3, following van Emmerik and Schwarz, 2020), 
similar buoyant characteristics may be expected for the masks. By size, 
all samples can be categorized as macro (under all classification frame-
works, see Hartmann et al., 2019), which is the dominant category by 
weight in plastic pollution (Eriksen et al., 2014). All face masks contain 
porous materials and were submerged for 72 hours prior to testing. 

Table 1 
Flow conditions in the experimental setup. Total discharge (Q), uncertainty in its estimation (εQ), specific discharge (q), Froude number (F = U /

̅̅̅̅̅̅
gH

√
, with U the 

depth-averaged velocity), and Reynolds number (Re = 4q/ν, with ν the water kinematic viscosity). Shear velocity u* and boundary layer thickness δ correspond to a 
log-wake law profile fit. Shear velocity u*,τ and boundary layer thickness δτ correspond to a Reynolds shear stresses linear profile fit.  

ID Q (m3/s) εQ (%) q (m2/s) H (m) U (m/s) F (-) Re (-) u* (m/s) u*,τ (m/s) δ (m) δτ (m) 
V1 0.035 3.21 0.088 0.278 0.318 0.193 353,768 0.0213 0.0174 0.111 0.120 
V2 0.053 1.80 0.132 0.278 0.475 0.288 528,405 0.0320 0.0285 0.116 0.121 
V3 0.073 2.34 0.183 0.278 0.657 0.398 730,843 0.0444 0.0388 0.105 0.120 
V4 0.088 2.49 0.219 0.278 0.787 0.477 875,200 0.0535 0.0484 0.106 0.103 
V5 0.100 2.24 0.251 0.278 0.901 0.546 1,002,458 0.0613 0.0555 0.102 0.105  
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3.4. Plastics characterization 

Three different sources of plastic elements were considered to pro-
duce the plastic elements’ samples: plastic cups, plastic films (super-
market bags), and disposable face masks (Fig. 3). These three types of 
sources were manipulated to generate different plastic classes. These are 
presented in Fig. 3, Table 2 and Appendix D. The densities of prepared 
plastic samples are tested using a 50 ml pycnometer in the Deltares Geo- 
lab. For this, distilled water was used as an immersion liquid (997.98 kg/ 
m3 at 21◦C, estimated using the same pycnometer). From each sample, 
small fragments are prepared to allow insertion into the pycnometer and 
carry out the measurements. The density of these samples was tested and 
estimated according to the specifications of ISO 1183-1:2019(E) for 
pycnometer tests (ISO, 2019). Each density estimation was repeated 5 
times, thus allowing estimation of the method’s uncertainty (Appendix 
D). The samples’ material was determined based on the recycling codes 

found in the packaging, which showed a good match with the expected 
density’s range of each material and that here determined. 

The plastic cups included size classes ranging from original form to 
fragmented parts, including full 3D objects and quasi-2D fragments. In 
addition, manually damaged cups are also included in these sample 
groups (crashed against the floor using human weight). Size classes of 
rectangular plastic films are similarly prepared after cutting out the 
handles of procured shopping bags, hence obtaining near-rectangular 
objects. Size measurements and rising velocities are presented in 
Table 2 and Appendix D. 

3.5. Insertion protocol 

The insertion point is set at the beginning of the experimental flume 
(Fig. 2). The plastic sample is carefully introduced inside the water using 
a 1.5 m long grabbing arm. The newly submerged sample is either 

Table 2 
Geometrical properties of the plastic samples used in the hydrodynamic experiments (Fig. 3). l max for the length of the maximal main dimension, l ⊥ for the length 
orthogonal to the maximal main dimension. ΔVp: reduction of volume compared to the largest class particles (i.e., _100) and ρp the density of the material. The rising 
velocity w is the result of an ensemble average of the terminal velocity of three experiments (Table D3).  

ID Material* Class l max corresponds 
to 

l max 

(mm) 
l ⊥ corresponds 
to 

l ⊥

(mm) 
Vp (mm3) 
** 

ΔVp 

(%) 
ρp (kg/ 
m3) 

w (mm/ 
s) 

Cup_PP_100 PP Rigid 3D body Height 83 Diameter 69 2303.46 100 907.33 26.2 
Cup_PP_98_def PP Damaged rigid 3D body Height 88*** Diameter 72*** 2248.36 97.61 907.33 29.2 
Cup_PP_50 PP Rigid quasi-2D fragment Major side 83 Diameter 69 1146.22 49.76 907.33 18.6 
Cup_PP_05 PP Smaller rigid quasi-2D 

fragment 
Major side 36 Chord 32 121.23 5.26 907.33 11.7 

Film_HDPE_100 HDPE Deformable film Major side 133 Minor side 100 230.01 100 956.48 5.4 
Film_HDPE_15 HDPE Smaller deformable film Major side 45 Minor side 44 24.50 15 956.48 2.4 
Mask Several Deformable multi-layer 

material 
Width 171 Height 94 - 100 - 101.8  

* Material determined based on the recycling codes found in the samples and cross checked against common density range for such materials. 
** Volume estimated from mass and density of Table D1. 
*** As an ensemble of several samples, see Table D2. 

Fig. 3. Samples considered in the transport experiments, main dimensions, IDs and markers used in the upcoming figures. A Unbroken polypropylene (PP) cup, B-D 
three selected broken/deformed PP cups, E half PP cup, F quasi-2D fragment (5 % volume of the whole cup), G unfolded piece of deformable High Density Poly 
Ethylene (HDPE) film, H creased piece of HDPE film, I smaller piece of HDPE film, J smaller creased piece of HDPE film, K intact face mask and L-M creased face 
mask. Dimensions correspond to an ensemble averaged estimation. 
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cleared from bubbles by hand (deformable plastics) or shaken 3 times 
(for rigid samples) while impacting the grabbing arm against the flume’s 
metal structure. This prevents most of the bubbles from remaining 
attached to the plastic body, although a few may remain yet their 
contribution to buoyancy is deemed negligible, as we discuss in Ap-
pendix B. The sample is released after holding it still with the grabbing 
arm for 5 seconds at around 20-30 % of the water depth (H). 

The number of samples tested was designed based upon a combined 
Monte Carlo analysis and a two-sided Kolmogorov–Smirnov (KS) test 
(Appendix E), analyzing the expected difference between a Rouse profile 
sampled with a limited number of particles N from a reference true Rouse 
suspended-transport concentration profile (Eq. (4)). Therefore, N = 150 
was set as target for each experiment, although some samples were lost 
during transport (stuck in the channel glass, for instance) or may remain 
undetected. 

3.6. 3D tracking of the plastic samples 

Four GoPro HERO9 cameras were used to record the macroplastic 
samples at the downstream section of our test flume (Fig. 2B). Three 
cameras were placed in a vertical plane in front of the observation 
window (Fig. 2F), and one camera was placed on a wooden frame over 
the top of the flume, allowing a top view of the free surface. The camera 
distortion (radial-tangential model) and intrinsic camera parameters 
were calibrated using 15 images of a chess calibration board at different 
orientations. To overcome possible changes of camera orientation 
throughout the measurement campaign, fiduciary markers (ArUco 
markers, see Garrido-Jurado et al., 2014) were used to continuously 
reconstruct the relative position of the cameras (see Fig. 2E and Sup-
plementary Material). Cameras recorded at 60 frames per second and 
were initiated by a common IR remote trigger. An external flash-light 
was used to perform cross-camera time-synchronization. All cameras 
used a Sony IMX677 CMOS sensor. 

An automated detection routine was built to delineate the macro-
plastic element contours per frame from the cameras’ video sequence. 
This is based on a background subtraction, an HSV color-space filter and 
different topological filters based on the expected shape and size of 

macro-plastics. The script was developed using the OpenCV Python li-
brary (Bradski, 2000). A stereo-camera configuration was used to 
reconstruct the 3D location of the suspended object. First, the detected 
object centroid is transformed from camera-coordinates to real-world 
coordinates (intrinsic and extrinsic transformations); secondly, the 
ray-refraction at the air-to-water phase change is estimated (see Duin-
meijer et al., 2019). The minimum crossing distance between the 
stereo-rays is used to estimate the 3D location of the detected object 
within the water channel. The point reconstruction error was estimated 
by comparing the estimated 3D location (from the stereo-camera sys-
tem) and the measured position of the inside-channel ArUco markers 
(Suppl. Mat., Table S5). 

Additionally, Camera 1 was used to automatically classify macro-
plastics that are transported in a suspended manner and those attached 
to the water surface. In each frame, the plastic perimeter is identified 
and its Center of Gravity (C.o.G.) estimated. A plastic element with at 
least one point-pixel of the perimeter in contact with the free surface is 
considered a surfaced plastic. To this end, Camera 1 was carefully placed 
such that the view is aligned with the channel water surface plane. 

4. Results 

4.1. Open channel flume hydrodynamics 

Plastic transport experiments were conducted in a laboratory flume 
under five fully controlled flow conditions (Table 1) and strict plastic 
insertion protocols. Instantaneous flow velocities were sampled for the 
five flow conditions (Table 1) across three different sections in an 
experimental rough-bed flume (Fig. 2). The flow reproduced in the 
flume features a boundary layer, which is the most common flow present 
in rivers (Franca et al., 2021). In Fig. 4, we show that our open channel 
flow follows classic theories for canonic river turbulence (downstream 
cross-section, in the observation window, see Fig. 2B): the mean velocity 
profiles closely follow a log-wake law with conventional log-wake law 
parameters and Reynolds normal stresses profiles following the expected 
decay with increasing distance to the wall. Further to the water hydro-
dynamics in the plastic observation window (Fig. 4), we also present 

Fig. 4. Water flow hydrodynamics at the plastics observation window (end of flume, 11.6 m from inlet, see Fig. 2B). A Mean streamwise velocity (separated by u+

= 5 units for the sake of clarity), B streamwise normal Reynolds stresses ( ¯ux
′ ux

′ ) and C vertical normal Reynolds stresses ( ¯uz
′ uz

′ ), both normalized by u*. z+ is the 
dimensionless distance to the wall (z+ = zu*/ν, with z the distance to the wall and ν the water kinematic viscosity), u+ is the mean streamwise flow velocity divided 
by u*. For reference, the model of Nezu and Rodi (1986) is also adjusted to the data of Cameron et al. (2017) [“modelled data”], together with 5-95 % uncer-
tainty bounds. 
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mean and turbulent flow quantities at an upstream location in the 
Supplementary Material (Fig. S1). 

Our sampled mean velocity profiles at all cross-sections follow a log- 
wake law as expected for a boundary layer flow (see Eq. (1) of Cas-
tro-Orgaz, 2010). We use default parameters from literature for the 
log-wake profile (Castro-Orgaz, 2010; Nezu and Rodi, 1986), including 
the recommended values of Castro-Orgaz (2010); i.e., 8.5 for the con-
stant of integration, 0.2 for the wake strength parameter, and 0.41 for 
the von Kármán constant (κ). Sand roughness was assumed as the value 
obtained through imaging of the roughness plates. With these parame-
ters fixed, we obtain the boundary layer thickness (δ) and the shear 
velocity (u*) using a least squares procedure. In order to cross-verify the 
turbulence quantities obtained, we obtain the Reynolds shear stress 
¯ux
′uz

′ profile, which is then used to estimate the shear velocity (u*,τ) and 
the boundary layer thickness (δτ). We do so by fitting a line via the Siegel 
slopes method (median slope across point-pairs), which is a robust 
alternative to error-reducing line fitting. The zero-crossing of this line 
allows direct estimation of u*,τ and δτ. 

With the fit of the mean velocity profiles, and assuming a uniform 
velocity out of the boundary layer upper edge, we numerically integrate 
the profile to obtain the specific discharge (q). Predictions of the 
discharge across different cross-sections is in good agreement and dif-
ferences in the estimation of the shear velocity (between both methods 
used: mean velocity and turbulent shear stress) are minor, which sug-
gests that low uncertainty is held in our hydrodynamic estimations. 

4.2. Thickness of the surface tension-dominated transport 

The Centers of Gravity (C.o.G.) of plastics and their trajectories are 
estimated based on synchronous multi-camera detection and recon-
struction (Fig. 5A-B). All the detected plastics in contact with the water 
surface are classified as surface transport. All surfaced plastics’ C.o.G. 
are confined into a layer of thickness a in the near-surface region, which 
is here defined as the deepest point at which a surfaced plastic’s C.o.G. is 
detected. 

We observe that the near-surface region thickness (a) depends on the 
plastic elements travelling orientation, which is either driven by: i) 
turbulence (β↓) or ii) buoyancy (β↑); and it is however not affected by 
surface tension (i.e., Γ-independent). Hence, estimations of a values 
show a bimodal distribution, each related to one of these two regimes (i 
and ii). Plastics subject to intense turbulence (regime i) travel in arbi-
trary orientations within the water column. When they touch the free 
surface, the rest of the body is still affected by turbulence. Plastics can 
either crease or unfold if the mechanical properties allow. Any C.o.G. of 
a sample can extend up to half of the distance between the two most 
separated points of a plastic element; i.e., a = 0.5λ (Fig. 5E, Appendix 

F), with λ = (l 2
max + l 2

⊥)
1/2. 

Nonetheless, with increasing buoyancy (regime ii), samples are 
pushed up against the free surface. Turbulence may pull the plastic el-
ements downward, but it is insufficient to disturb their transport 
configuration. Hence, the plastic elements rest against the free surface in 
a stable, equilibrium position while being conveyed by the free stream 
flow. The surface transport thickness a in regime ii corresponds to the 
configuration with minimum potential energy. Accounting for both (i) 
turbulence- and (ii) buoyancy-dominated regimes, the lower limit of the 
surface transport layer can be estimated by (a: r2= 0.59, RMSE= 0.012 

m, Median Abs Err = 0.0046 m, Fig. 5E): 

a
λ
= 0.36 + 0.14tanh(3.2 − β) for 0.2 < β < 11.7 (10) 

To ascertain significance to the existence of a transport layer that 
differs from turbulent suspension, we conduct a statistical test (specif-
ically, a two-sided Kolmogorov-Smirnov (KS) test, Appendix G). The KS 
test is iteratively applied to the count profiles of each experiment. This 
statistical methodology consists on the comparison of the observed 
vertical distribution of C.o.G. of the plastic elements to a reference 
suspended transport profile (herein, a Rouse suspended concentration 
profile (Rouse, 1961), given by Eq. (4). Instead of using best fit pa-
rameters (as for instance, Zaat, 2020), the reference Rouse profile is 
estimated purely based on physical parameters (β): namely, the rising 
velocity of the samples (Table 2) and the shear velocity of the flow 
(Table 1). 

The KS test is applied to an increasing number of points (Fig. 5F), 
starting from the sampling point nearest to the channel bed, and grad-
ually moving up until the free surface. When reaching the upper layers of 
the water column, the experimental observations start differing more 
significantly from the reference Rouse profile. This deviation of the 
empirical and theoretical profiles suggests that other physical mecha-
nisms, beyond a turbulent – buoyant force balance, may be driving the 
concentration in the near-surface layer. For the KS test, a pronounced 
concavity in the concentration profile is usually marking the lower limit 
of the surface transport (Fig. 5C and Supplementary Material). This 
concavity is caused by the missing samples at this level, which might 
have remained attached to the free surface (Fig. 5C, at z − H ≈ − 7.5 
cm, for instance). A second mechanism triggering a significant p-value is 
due to an overshooting of concentrations close to the surface (Fig. 5D). 

We note that a limited number of samples may lead to larger KS stats, 
although this is well-identified by the p-value. For completeness, we 
include a Monte Carlo simulation with 85,000 pairs of reference sus-
pended transport profiles in the background of Fig. 5F, together with 
median and 5th / 95th percentiles (for a given number of samples). 
Considering a p-value of 10− 3, 73 % of the analyzed concentration 
profiles show distributions significantly deviating from suspended 
transport (i.e., solely turbulence/buoyancy-dominated). The depth at 
which this occurs (aKS, Fig. 5C,D) follows on average terms the thickness 
a explained by direct identification of the deepest plastic elements in 
contact with the free surface (Appendix F). 

4.4. Transport of plastics in the near-surface 

The total number of plastic elements detected in one experiment at a 
given cross-section is here denoted as Np and is made of the particles in 
the lower suspended transport region (Nβ) and the particles in the near- 
surface region (NΓ); i.e., Np = Nβ + NΓ (Fig. 6A). Within the near-surface 
layer, we observe plastic elements travelling in suspension (NΓ,sus) and 
surfaced plastics captured by the free surface, and hence affected by 
surface tension (NΓ,surf ). A plastic is counted within NΓ,surf when in 
contact with the free surface. Within the thickness a, but not satisfying 
the prior condition, the plastic element is counted as NΓ,sus. Plastics 
below the thickness a are all considered part of Nβ (Fig. 6 and Appendix 
F for the full dataset). 

The relative frequency of surfaced plastics (CΓ,surf = NΓ,surf/Np) can 
be estimated by the following relationship (CΓ,surf : r2= 0.71, RMSE=
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0.17, Median Abs Err = 0.066, Fig. 6B,D): 

CΓ,surf =

[

1 + Kp,0

(

exp
(

−
β

βsurf,c

)

⋅exp
(

−
Γ

Γsurf,c

))]− 1

,

for 0.2 < β < 11.7 and 2.5 < Γ < 75.1

(11)  

with Kp,0 = 6.66, βsurf,c = 0.64 and Γsurf,c = 2.37. Provided that sur-
faced plastics in the field can be readily observed by direct top-view 
observation (e.g., from high-resolution satellite data, automated 
CCTV, or manual counting), Eq. (11) allows an estimation of the ex-
pected total plastic count for the complete water column (Np = NΓ,surf 

/CΓ,surf). 
The relative count of plastics in suspension in the lower water col-

umn can be explained by the following relationship Cβ(= Nβ/Np: r2=

0.75, RMSE= 0.14, Median Abs Err = 0.067, Fig. 6C,E): 

Cβ = exp
(
− β

/
βsus,c

)
⋅exp

(
− Γ

/
Γsus,c

)
,

for 0.2 < β < 11.7 and 2.5 < Γ < 75.1 (12)  

with βsus,c=1.61 and Γsus,c= 38.08. If NΓ is available in a river section, via 
visual observation or surface sampling with nets, Eq. (12) allows the 
estimation of the total plastic count following Np = NΓ/(1 − Cβ) and 
may hold lesser uncertainty than Eq. (11). For the sake of completeness, 
we also estimate the non-stationarity of these estimations by computing 
the % of change of Cβ per unit meter within the observation window 
(Table F2). On average terms, this amounts to 1.2 %/m (positive and 

Fig. 5. Suspended and surfaced plastics. Automatic detection of: A one surfaced full cup and B one film in suspension. C-D Concentration profiles for damaged cups 
and full films. E Lower limit of surface transport (markers correspond to the samples of Fig. 3 and dashed line to Eq. (10)). F KS stats result for each experiment (with 
at least 15 samples in suspension, for visualization purposes); increasing number of samples imply depths closer to the free surface, and KS stats out of the 5th / 95th 
percentiles represent potentially significant deviations from a physically based, true Rouse profile (Eq. (4)). 
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negative tend to compensate), whereas the average absolute value (i.e., 
expected intensity of the % of change of Cβ per unit meter for a random 
experiment) amounts to (+/-) 8.5 %. 

We observe that surface tension effects on the concentration profile 
can be as intense as buoyancy. For instance, over 90 % of plastics for Γ 
> 10 and β > 2 are travelling as surfaced load (Fig. 6B and Appendix F). 
Our results suggest that in the near-surface layer, the role of suspension 
is diminished when compared to the remaining water column (Fig. 5C, 
D). This modulation of the suspended count may be explained by the 
reduced number of samples available to travel in suspension after some 
being trapped at the free surface. Thus, a suspended concentration 
profile alone cannot explain the near-surface layer (of thickness a) and 
the lower water region (of thickness H − a) together. 

5. Discussion 

5.1. Plastics monitoring in rivers 

Most common methods for the monitoring of plastics in rivers 
include (van Emmerik and Schwarz, 2020): 1) visual counting using 
rivers’ infrastructure-mounted cameras – or satellite (Topouzelis et al., 
2019) — and 2) sampling the flow using nets at different depths. Water 
surface monitoring, alone or combined with limited net sampling, are 
standardized monitoring methodologies (González-Fernández and 
Hanke, 2017; van Emmerik et al., 2018), although they can introduce 

bias in the total plastic budget (Cowger et al., 2021; van der Wal et al., 
2015). In the light of our findings, we assess the bias and uncertainty 
related to four plastic monitoring strategies targeting the estimation of 
the plastic budget (Np

*) in the water column, which reflect both common 
practices and upgraded procedures herein optimized. Two strategies 
(Str.) based on common practices are first considered:  

- Str. A: the count at the free surface is considered as the estimate of 
the total plastic (Np

* ≈ NΓ,surf). The surface count corresponds to 
floating plastics that emerge through the free surface (surfaced 
transport), which are detectable independently of the water turbidity 
levels.  

- Str. B: we consider the same monitoring of Str. A but with improved 
visibility conditions allowing identification of plastics in the upper 
20 % of the water column (Np

* ≈ NΓ). This strategy assumes favor-
able visibility conditions in the field, with plastics visually accessible 
up to a certain depth (for instance, 10 cm in the Saigon river, ac-
cording to van Emmerik et al., 2018); or the use of nets that allow 
sampling down to a limited depth beneath the free surface. 

Both Str. A and Str. B are currently the common practice for plastics 
monitoring (González-Fernández and Hanke, 2017; Lebreton et al., 
2017; Topouzelis et al., 2019; van Emmerik et al., 2018) and represent 
pessimistic and optimistic field conditions, respectively. The main 
inconvenience of these strategies is that they neglect most plastics 
transported in suspension, which are a significant fraction for β < 3. For 

Fig. 6. Surfaced plastics and suspended plastics. A Sketch and parameters definitions. B Plastics at the free surface, markers for experimental results and color- 
gradient for Eq. (11). C Plastics in the suspended transport layer, markers for experimental results and color-gradient for Eq. (12). D, E Deviations between 
experimental observation and modelled with Eqs. (11) and 12, correspondingly; solid line for 1:1 agreement, dashed lines +/- 0.10 and dotted line for +/- 0.25. 
Markers correspond to the samples of Fig. 3. 
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this reason, we propose two additional strategies: 

- Str. C: we expand Str. B by estimating the suspended transport con-
centration through Eq. (12) (Np

* ≈ NΓ/(1 − Cβ)). This strategy ac-
knowledges the existence of two transport layers and builds on the 
herein disclosed hydrodynamic behavior of plastics. 

- Str. D: we expand Str. B by sampling the suspended transport con-
centration using nets at a given depth within the suspended transport 
layer (Np

* ≈ Nβ + NΓ). The sampled suspended concentration is used 
to infer a physically-based Rouse profile (β-defined), which is inte-
grated over the lower 80 % water column. The suspended sampling 
location is proposed at 60 % of the water depth based on protocol 
optimization (Appendix H). 

We show that basic monitoring practices, only focusing on the water 
surface and near-surface (Str. A and Str. B), can underestimate the total 
amount of plastic by up to 90 % (see Fig. 7) when β < 1, which is 
consistent with discussion of van der Wal et al. (2015) and Cowger et al. 
(2021) regarding the need for sampling plastics in suspension. Str A and 
B can be a valid practice when the buoyant characteristics of the samples 
dominate over the flow turbulence (β > 3). 

Distinctly, two different regimes can dominate plastic transport 
depending on the values of β and Γ. By introducing Str. C (Fig. 7 and 
Table 3), we show that monitoring one layer while incorporating a point 
estimation for the plastics in the remaining water column with Eq. (12) 
leads to over a ten-fold reduction of the bias, and reduces uncertainty by 
half, when compared to Str. B. Furthermore, Str. D shares the 
improvement of Str. C in terms of bias but also achieves over a ten-fold 
reduction of the uncertainty when compared to Str. B, which nonethe-
less accounts for favorable visibility conditions in the application of a 
best practices monitoring protocol. 

When adopting Str. C or D, two relevant physically-based parameters 
(the Rouse number β and Γ) are required, which depend on the plastic 
element and flow conditions. Other optimized monitoring protocols 
independent of β and Γ, are also presented in the Appendix H together 
with an assessment of their bias and uncertainty. 

5.2. Implications for plastic removal 

We observe that besides buoyancy (plastic-related), the vertical 
distribution of buoyant plastics is controlled by two other factors: tur-
bulence and surface tension. For instance, river reaches of low turbu-
lence (e.g., β > 2 and Γ > 10) can offer an opportunity for efficient 
cleanup targeting the water surface, since the surface count NΓ domi-
nates the plastic budget. We also suggest that the free surface collection 
of plastics may be altered through hydrophobic coating or specific sur-
face treatment of the plastic elements, which can result in a positive 
impact on removal efforts, although other chemical and toxicological 
implications should be carefully considered. This can be achieved by 
targeting an increase of the air-water-plastic contact angle or the 
interfacial contact line. Contrastingly, the presence of surfactants may 
impair plastic removal efforts. 

6. Conclusions 

In this study, we investigated the transport of macroplastics in tur-
bulent river-like flows by using laboratory experiments and physics- 
based descriptors, which include the ratio of buoyancy to turbulent 
forces (β) and the ratio of surface tension to turbulent diffusion (Γ). We 
showed that in the upper water column:  

- Two transport regimes can coexist: regime (i), which is driven by the 
balance between buoyancy, surface tension and turbulence (surfaced 
transport), and regime (ii), which is driven by the balance of buoy-
ancy and turbulence (suspended transport). We note that, in our 
experiments, bubbles had a minor effect (Appendix B).  

- The near-surface region thickness is defined by the maximum 
dimension of the plastic elements transported by the flow (Fig. 5E, 
Eq. (10) and Appendix F).  

- Suspended transport did not significantly deviate (in statistical 
terms) from a physically-based (without calibration) Rouse theoret-
ical suspended transport profile (Eq. (4)), as shown in Fig. 5F. This 
may hold true for microplastics and smaller size particles, where 
large-size effects of the plastic particles should be less important. Eq. 
(3) (and Eq. (4)) were used considering a turbulent Schmidt number 
of 1 (Gualtieri et al., 2017; Waldschläger et al., 2022). Calibrating 
this turbulent Schmidt number should allow reducing deviations 
from the Rouse profile in the suspended transport region (where 
derivation hypotheses hold true).  

- In riverine monitoring campaigns, failing to account for suspended 
transport can have major implications (Str. A and B, in Fig. 7 and 
Table 3). This is relevant for small β and large Γ values. When only 
considering the surfaced plastic budget as representative of the total 
budget, Eq. (11) can provide an estimation of the missing plastic 
budget (Fig. 7) or allow an uncertainty estimation related to local 
flow conditions (captured via β). Our results also suggest that Eq. 
(12), together with sampling in the near-surface, is a better suited 
monitoring option (Str. C, in Fig. 7 and Table 3); although two points 
sampling combined with Eq. (4) still remains more robust (Str. D, in 
Fig. 7 and Table 3).  

- Whereas the top performing monitoring strategy is Str. D (in Fig. 7 
and Table 3), additional monitoring strategies are studied in Ap-
pendix H. Advantages of these alternative monitoring techniques are 
the reduced information needed from the plastic elements sampled 
or reduced sampling efforts. 
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Fig. 7. Relative error of the total plastics estimation for different monitoring 
strategies (Str). A β-dependence (markers correspond to the samples of Fig. 3, 
red dot-dashed line for Eq. (11) with Γ = 10, and solid line for null error), B box 
whisker plot for the relative error of different monitoring strategies. 

Table 3 
Bias (Rel. Mean. Err.) and uncertainty (Rel. Median Abs. Err.) for selected river 
monitoring strategies.   

Monitoring strategy 
Performance estimator Str. A Str. B Str. C Str. D 
r2 (-) 0.16 0.25 0.73 0.93 
Relative Mean Error (%) -52.43 -36.16 3.60 -4.51 
Relative Median Absolute Error (%) -63.84 48.71 19.25 4.79  
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Appendix A. Hydrodynamic forces over the plastic-centered control volume 

The weight-buoyancy force (Fρ) can be estimated through the Archimedes principle, corresponding to the difference between the weight of the 
plastic element and the weight of the displaced water, such as: 

Fρ ≡ ρwgVb − ρpgVp (A1)  

with ρw being the density of the water, ρp the particle density, Vb and Vp the submerged volume and the element’s volume respectively, and g (=
9.81m/s2) the gravity acceleration. 

The added-buoyancy force (Fb) can be written as: 

Fb ≡
∑

i

nb (ρw − ρa)gVdb,i (A2)  

with ρa the air density, and Vdb,i the volume of a bubble i (out of nb total bubbles) of diameter db,i, given by: 

Vdb,i =
1
6

π
(
db,i

)3 (A3) 

The flowing water exerts stresses and pressure over the control volume, which can be defined as: 

Fw ≡ ∯ ez ⋅( − pd I+ τ)⋅n dS (A4)  

with ez (= [0,0,1]) the vertical unit vector. Given that the sum of forces is established for the vertical direction z, n (= [nx,ny,nz]) the outward vector 
normal to dS (the infinitesimal element of surface enclosing the 3D control volume), pd the dynamic pressure (deviation from the hydrostatic 
component). I is the unit diagonal tensor and τ the Reynolds stress tensor (τ = τij, with i, j = x,z,y). The first term ( − pd I) represents the form drag 
resulting from non-hydrostatic pressure surrounding the plastic element, and the second term corresponds to the Reynolds stress contribution to the 
drag. Eq. (A4) requires knowledge on pressures and turbulent stresses acting over the control volume surface. Alternative approaches to the flow- 
plastic interaction include: i) distinguishing between undisturbed flow and disturbed flow forces (See chap. 4 of Crowe et al., 2012) or ii) dis-
tinguishing between quasi-steady drag and unsteady forces; i.e., added mass and Basset forces (see chap. 4 of Clift et al., 1978). The undisturbed flow 
considers changes in pressure and velocities of the flow due to reasons exogenous to the element itself (for instance, local accelerations in a 
contraction), and hence depend on the water flow through the channel. For the disturbed flow forces, an integral approach is based on the use of a 
(quasi- )steady drag (FD) approach, which can be brought together with the following unsteady forces, the added mass force (Fvm) and Basset force (FB): 

Fw ≡ FD + Fvm + FB (A5) 

Considering an integral approach, and disregarding unsteady forces: 

Fw ≈ FD (A6) 

For the quasi-steady drag (FD), we consider that the plastic particle is dragged by a velocity difference between the instantaneous water and particle 
velocities (ΔU ): 

FD =
1
2

ρwCDA ΔU |ΔU | (A7)  

with CD the drag coefficient (commonly obtained empirically in quiescent water conditions, i.e.: free falling or free raising particles) and A is the 
frontal area of the object. 

When a plastic element is only partly submerged, an air-water-plastic contact line exists. In this interfacial contact line, the free surface bends, thus 
leading to a vertical component of the surface tension force (see Fig. 1D). The surface tension force can be expressed in terms of the capillary action 
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over the interfacial contact line (White, 2016): 

Fσ ≡

∮

σ sin(θ) dℓ ≈ ℓσ σ sin(θ) (A8)  

with σ (= 0.073 N/m) the surface tension (White, 2006), and sin(θ) accounts for the vertical projection of the force and dl is a differential segment in 
the interfacial contact line. Eq. (A8) assumes that surface tension has an equally distributed effect over the contact length l σ . The contact angle 
depends on the air-water-plastic physico-chemical conditions (White, 2016) and the plastic-water-air contact geometry. 

The previous equations allow obtaining β and Γ (plastic-based inverse Weber number). A third ratio of relevant forces can be given by the buoyancy 
to surface tension forces ratio. Both of these forces are acting in the positive direction, but the second one is only present in the upper region of the 
water column. The maximum magnitude of Fρ for a buoyant particle occurs when the object is fully submerged (Vb = Vp), and thus: 

Fρ

Fσ
=

(
ρw − ρp

)
gVp

ℓσ σ sin(θ)
(A9) 

Due to experimental constraints, it may arise more feasible to estimate the mass of a plastic element than its volume, and it may thus be convenient 
to write: Vp = M/ρp. Following the previous approximations, the ratio between buoyancy and surface tension forces can be expressed as: 

Λ =

(
ρw

/
ρp − 1

)
gM

σ(l max + l ⊥)
(A10)  

which is a plastic-based Bond (or Eötvös) number. A combination of two of the three parameters β, Γ and Λ should suffice to describe the turbulent 
transport at the free surface. It is here judged convenient to use β, as it is well established and most useful for the study of suspended transport, and use 
Γ as complementary parameter since it better represents the balance between positive and negative forces —surface tension keeping at upper levels the 
plastic body whereas turbulence dragging it away from the free surface—, in analogy to β. Furthermore, ρp is not available for masks and interpretation 
of Λ is not straightforward (an increase of Λ means that plastics will be more often in contact with the free surface as well, where surface tension is 
activated, and a decrease of Λ means that surface tension becomes more intense than buoyancy yet lesser plastics will approach the free surface; 
besides, both buoyancy and surface tension act in the same direction in this study). 

Appendix B. Relative contribution of surface tension, bubbles and buoyancy to plastic dynamics 

Surface tension 

When plastics protrude the free surface, surface tension acts over the contact line. The contact angle of PP is estimated by Vlaeva et al. (2012) at 
97.0 +/- 0.8 ◦ (at 25◦C) while for HDPE de Luna et al. (2014) estimated 96.5 +/- 3.4 ◦ (at 25◦C). Different temperatures or surface treatments can alter 
the contact angle. For reference, ACCU DYNE TEST (2009b) compiles contact angles from different studies for PP with values commonly ranging 
between 95 and 117◦. For PE (both low and high density PE), ACCU DYNE TEST (2009a) lists values commonly ranging between 93 and 105 ◦. 

Bubbles 

Bubbles can be attached to the plastic samples. The insertion protocol leads to the detachment of most of the bubbles, but some may inadvertently 
remain at the plastic surface. We observed the number of bubbles in 20 different samples (following our insertion protocol) for the following plastic 
classes (Table 2): Cup_PP_100, Cup_PP_05 and Film_HDPE_15; under the lowest and highest discharges considered in the transport experiments (V1 
and V5, see Table 1). We held the plastic samples close to the channel glassed wall without releasing them and we identified the number of bubbles 
attached to the plastic element. The diameter could not be accurately determined, but it was classified within the following groups: small, medium and 
large; which roughly correspond to ≪ 1 mm, ∼1 mm, and ≫ 1 mm. The bubbles’ counts are presented in the available data. We observe that mainly 
small bubbles remain attached to the plastics surface (i.e., bubbles of 1 mm or lesser, where surface tension stabilizes them more effectively). We rarely 
observed more than one 1 mm bubble attached to the plastic sample, and never more than five 1 mm bubbles. 

Relative contribution 

In order to assess the relevance of the added buoyancy contributed by attached bubbles, we consider an idealized sample based on Cup_PP_100 
(Fig. B1A). This idealized sample is formed by a cylinder with one cover in one end (hence, a simplistic plastic cup). The height of this idealized plastic 
cup is 83 mm (l max) and the diameter (constant across height, differently from Cup_PP_100) is 55.2 mm (l ⊥, based on Cup_PP_100 properties, see 
Table 2). Considering the total volume of Cup_PP_100 (Table 2) and its idealized dimensions, the mean thickness of this virtual sample corresponds to 
130 μm. Considering the PP plastic density estimated with pycnometer (Table 2), and a given number of bubbles (nb), we estimate the forces for 
quiescent water conditions and a static plastic element (Fw = 0 N) and different submergence levels (percentage of cup within the water) of a hor-
izontal cup (i.e., axis parallel to the water surface). 

The forces evaluated on the control volume are shown in Fig. B1. We observe that even for extreme, unrealistic conditions (nb = 25, db = 2 mm, Fig. 
B1C) the effect of bubbles is smaller than any surface tension scenario considered (contact angles: 97, 105 and 115◦, Fig. B1B-E). We consider here that 
the contact angle can yield a variable vertical projection (sin(θ), either in the inner and outer faces of the cup (Fig. B1A). Accounting for other factors, 
such as the dynamic surface tension (which can be up to 40 % larger than the static one, Hauner et al., 2017), would reinforce the hypothesis that 
surface tension force is significantly larger than the remaining bubbles’ contribution. 

We also observe that the contact line (inside and outside of the cup) is reasonably insensitive to the submergence level for this plastic orientation 
since it is dominated by l max, yet in our calculations, surface tension nulls when submergence approaches 0 and 1.0 because of symmetry of forces 
between inner and outer faces. In reality, right before detachment from the surface, only the outer face is in contact with the free surface. We call this 
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situation the maximum surface tension state (max-sigma state), which we analyze separately below. 
Upward, positive surface tension forces represent a jump condition (escape-over-a-barrier condition, Amir, 2021) to be overcome by an extreme 

turbulence event. Bubbles, different from surface tension effects, would affect the plastic elements at all depths (and not only in the near free surface) 
thus modifying the Rouse profile from bed to surface. 

Maximum surface tension state (max-sigma state) 

We consider now the state of maximum surface tension (max-sigma state, Table B1) possible during the plastic transport experiments (Fig. B1F). For 
cups, this is the last contact before detachment, with only its external face in contact with the free surface (note that in Fig. B1B-E, the inner face of the 
cup can present downward surface tension partially compensating the outer face of the cup). For films, the max-sigma state is horizontally extended at 
the free surface while only the lower face is wet. The contact angles considered correspond to that of Vlaeva et al. (2012) for PP and de Luna et al. 
(2014) for HDPE although, in this state, the resultant does not change significantly for contact angles between 75 to 110 ◦, and thus is less sensitive to 
the material. 

Fig. B1. Forces acting on an idealized PP cup with axis parallel to the free surface. A Sketch with relevant dimensions. Effect of increasing bubble count: B nb = 5, db 
= 2 mm (beyond max. observed) and C nb = 25, db = 2 mm (unrealistic). Constant bubble count (nb = 2, db = 1 mm), sensitivity to different contact angles: D 105◦, E 
115◦. F Sketch for the max-sigma state. 

Table B1 
Ratio of relevant forces during max-sigma state.  

ID Fσ/|Fρ(weight)|* Fσ/|Fρ(buoyancy)|** 
Cup_PP_100 0.59 0.53 
Film_HDPE_100 15.62 14.97 
Film_HDPE_15 56.01 53.68  

* Only considers weight. 
** Only considers water upthrust. 
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Appendix C. Water velocimetry filtering 

Each ADV time series was analyzed following the protocol detailed below:  

- Instantaneous velocity samples with COR < 80 % (correlation) and SNR < 10 dB (Signal-to-Noise Ratio) were filtered out (replaced by a NaN).  
- A mean flow velocity was estimated for each point of the profile.  
- The median misalignment of each profile (based on x and y mean velocities, ūx and ūy respectively) was estimated and then instantaneous velocity 

estimations were corrected (rotation to null ūy). All misalignments remained below 1.9 degrees, with an average value of the absolute rotations of 
0.9 degrees.  

- An statistical filtering was applied to each time series, based on the Phase-Space Thresholding Method of Goring and Nikora (2002) as modified by 
Wahl (2003). No spike replacement was performed, but instead a NaN value was considered for the position of the outlier.  

- The percentage of NaN for each ux, uy and uz time series was estimated. When the maximum of these three surpassed 40 %, the point recording was 
discarded from the profile. Data acceptance rate are summarized in the Supplemental Material (Table S1). 

Appendix D. Plastic samples properties 

Main physical and geometrical properties of the plastic samples are presented in Table D1, Table D2 and Table D3. 

Table D1 
Sample class, material, weight and density of the plastic samples used in the hydrodynamic experiments (Fig. 3). Density estimations repeated 5 times using a pyc-
nometer, and each test following ISO 1183-1:2019(E)(ISO, 2019); ερ (%) = 100*STD/average, with STD the standard deviation.  

ID Source Processing Class Material* ρp (kg/ 
m3) 

ρp (kg/m3) 
- STD 

ερ 

(%) 
Mp 

(g) 
εM (%)** 

Cup_PP_100 Plastic cup Intact samples Rigid 3D body PP 907.33 2.3 0.25 2.09 3.75 
Cup_PP_98_def Plastic cup Crashed by human weight, foot 

pressure 
Damaged rigid 3D body PP 907.33 2.3 0.25 2.04 4.07 

Cup_PP_50 Plastic cup Intact samples cut by half Rigid quasi-2D 
fragment 

PP 907.33 2.3 0.25 1.04 5.49 

Cup_PP_05 Plastic cup Intact samples, cut at one fourth 
of the perimeter 

Smaller rigid quasi-2D 
fragment 

PP 907.33 2.3 0.25 0.11 8.23 

Film_HDPE_100 Supermarket 
plastic bag 

Squared cut Deformable film HDPE 956.48 3.2 0.32 0.22 7.35 

Film_HDPE_15 Supermarket 
plastic bag 

Smaller, squared cut Smaller deformable film HDPE 956.48 3.2 0.32 0.033 27.79*** 

Mask**** Disposable face 
masks 

Intact Deformable multi-layer 
material 

Several - - - 3.05 1.50  

* Material determined based on the recycling codes found in the samples and cross checked against common density range for such materials. 
** εM includes single samples variability (STD) and balance measuring tolerance (0.01 g). 
*** Single samples tolerance estimated in groups of 5 samples (i.e., variability corresponds to groups of five samples together). 
**** Face masks include layers of several materials and their density was not estimated. 

Table D2 
Geometric properties of damaged cups (Cup_PP_98_def).  

ID Sample no. l max (mm) l ⊥ (mm) 
Cup_PP_98_def 1 77 72  

2 89 83  
3 85 71  
4 88 72  
5 87 80  
6 94 73  
7 96 79  
8 88 66  
9 84 74  
10 93 69  

Table D3 
Rising velocity under quiescent transport conditions. Experiments are repeated three times and averaged over the equilibrium path. Minimum (min) and maximum 
(max) rising velocities correspond to experiments with smaller and higher velocities obtained. w corresponds to an average of the terminal velocity of the three 
repetitions.  

ID w (mm/s) w (mm/s) – min w (mm/s) – max 
Cup_PP_100 26.2 23.6 30.4 
Cup_PP_98_def 29.2 25.0 36.7 
Cup_PP_50 18.6 16.4 20.6 
Cup_PP_05 11.7 10.3 13.5 
Film_HDPE_100 5.4 3.8 7.6 
Film_HDPE_15 2.4 2.2 2.6 
Mask 101.8 73.0 122.5  
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Appendix E. Statistical test for the determination of the number of samples used in the experiments 

The uncertainty analysis for the suspended particles concentration included generating 1,000 synthetic experiments for each of the 85 different 
levels of N (sample size) considered, which varied between 10 and 1,000 samples; i.e., a total of 85,000 simulations. The inverse transform sampling 
method was used to draw random samples from Eq. (4). A sample 1 with a limited N number of particles drawn was compared to a control sample with 
much larger number of samples (9,999 particles drawn), which is regarded as reference true Rouse profile. The Kolmogorov-Smirnov statistic (Fig. 5F, 
background) shows the maximum difference between the cumulative density functions of sample 1 and the control sample. Differences can be ex-
pected, decreasing with N as a part of the stochastic nature of the experiments. A total number of 150 samples was considered sufficient to keep 
uncertainty reasonable while allowing ample testing in laboratory. 

Appendix F. Detected plastics statistics 

The thickness of the surface transport layer is presented in Table F1 and the count per transport region in Table F2. 

Table F1 
Thickness of the surface transport layer a.  

ID plastic ID flow β (-) Γ (-) a (cm) aKS (cm) λ (cm) a/λ (-) 
Cup_PP_100 V1 3.00 33.75 4.41 4.15 10.79 0.41  

V2 2.00 14.94 5.23 7.96 10.79 0.48  
V3 1.44 7.77 4.51 N.A.N. 10.79 0.42  
V4 1.19 5.35 5.20 8.23 10.79 0.48  
V5 1.04 4.08 5.04 5.04 10.79 0.47 

Cup_PP_98_def V1 3.34 33.75 * * * *  
V2 2.22 14.21 5.35 2.10 11.37 0.47  
V3 1.60 7.40 5.86 11.01 11.37 0.52  
V4 1.33 5.09 5.55 7.08 11.37 0.49  
V5 1.16 3.88 5.67 5.84 11.37 0.50 

Cup_PP_50 V1 2.13 33.75 8.98 5.61 10.79 0.83  
V2 1.42 14.94 4.55 N.A.N. 10.79 0.42  
V3 1.02 7.77 * * 10.79 *  
V4 0.85 5.35 4.88 N.A.N. 10.79 0.45  
V5 0.74 4.08 4.55 N.A.N. 10.79 0.42 

Cup_PP_05 V1 1.34 75.06 1.32 1.15 4.82 0.27  
V2 0.89 33.23 1.52 1.46 4.82 0.32  
V3 0.64 17.29 2.36 1.20 4.82 0.49  
V4 0.53 11.90 2.34 1.42 4.82 0.49  
V5 0.47 9.07 2.83 1.31 4.82 0.59 

Film_HDPE_100 V1 0.62 22.28 7.14 N.A.N. 16.64 0.43  
V2 0.41 9.86 5.10 2.03 16.64 0.31  
V3 0.30 5.13 * * 16.64 *  
V4 0.25 3.53 6.99 19.38 16.64 0.42  
V5 0.21 2.69 6.80 19.58 16.64 0.41 

Film_HDPE_15 V1 0.27 57.16 5.36 N.A.N. 6.29 0.85  
V2 0.18 25.30 3.84 8.22 6.29 0.61  
V3 0.13 13.16 3.42 1.28 6.29 0.54  
V4 0.11 9.06 3.26 N.A.N. 6.29 0.52  
V5 0.10 6.91 2.99 N.A.N. 6.29 0.47 

Mask V1 11.65 20.96 4.47 2.57 19.51 0.23  
V2 7.75 9.28 3.86 1.65 19.51 0.20  
V3 5.59 4.83 4.90 2.08 19.51 0.25  
V4 4.64 3.32 3.70 1.29 19.51 0.19  
V5 4.05 2.53 4.31 1.77 19.51 0.22  

* Corrupted video. N.A.N.: not-available-number; i.e., p-value below 10− 3 not reached. 

Table F2 
Number of plastic particles detected per experiment and estimated non-stationarity in the concentrations. The latter is assessed by counting differences between 
plastics entering the observation window in suspension and when they exit (ΔNβ, exit minus entry plane suspended plastic’s counts). Δx is the average x distance 
travelled, between entry and exit sections in the observation window. The percentage of change per unit meter is then estimated as 100⋅(ΔNβ/Np)/Δx (%/m).  

ID plastic ID flow Np (-) Nβ (-) NΓ (-) NΓ,sus (-) NΓ,surf (-) ΔNβ (-) Δx (m) 100⋅(ΔNβ /Np)/Δx (%/m) 
Cup_PP_100 V1 156 3 153 0 153 0 0.29 0.00  

V2 143 21 122 9 113 0 0.23 0.00  
V3 64 33 31 1 30 4 0.22 28.21  
V4 134 75 59 16 43 3 0.33 6.83  
V5 148 94 54 24 30 -1 0.32 -2.10 

Cup_PP_98_def V1 * * * * * * * *  
V2 98 17 81 4 77 4 0.22 18.59  
V3 76 38 38 5 33 2 0.21 12.53  
V4 149 91 58 3 55 7 0.32 14.54  
V5 146 84 62 14 48 5 0.32 10.69 

(continued on next page) 
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Appendix G: Statistical test for the detection of the surface transport layer 

In addition to the direct classification of plastic elements touching the water surface, a second method is used to identify the near-surface layer. In 
this layer, not all plastics are transported in suspension (β-dependent); the transport of those plastics in contact with the free surface is controlled by 
surface tension (Γ-dependent). To ascertain significance to the existence of a transport layer where plastics dispersion does not behave solely based on 
turbulence and buoyancy, we conduct a statistical test (specifically, a two-sided Kolmogorov-Smirnov (KS) test). This consists on the comparison of the 
observed vertical distribution of plastic elements (concentration of C.o.G.) to a reference, theoretical suspended transport profile given Eq. (4). The 
reference Rouse profile is estimated purely based on physical parameters (β): namely, the rising velocity of the samples (Table 2) and the shear velocity 
of the flow (Table 1), and hence does not correspond to a best fit calibration as in previous studies. 

The KS test (KS stat, see Fig. 5F, and p-value) is iteratively applied with increasing number of samples, starting from the channel bed up to the water 
surface. Inside the layer defined by aKS, the vertical distribution of the plastics counting in the experiments and the reference suspended profiles 
significantly differ (p-value < 10− 3). 

Appendix H. Alternative riverine monitoring techniques and performance 

When adopting Str. 4 or 8 (Table H1, or Str. C or D in the manuscript), two relevant physically-based parameters (the Rouse number β and Γ) are 
required, which depend on the plastic element and flow conditions. For that purpose, local hydrodynamic quantities (u*) can be estimated based on 
discharge and river bed roughness (Cowger et al., 2021), whereas plastic main geometry (l max, l ⊥) needs to be determined as well as the rising 
velocity (w). If the rising velocity is not available, literature estimations such as those proposed by Waldschläger et al. (2020) can be used together with 
the density estimated based on the material type, in case of clean plastic samples (van Emmerik and Schwarz, 2020). Alternatively, optimized 
monitoring protocols independent of β and Γ are also presented in Table H1. 

In all strategies where sampling of the suspended layer is performed, it is considered that the net would capture a layer of 10 % the water depth. 
This is extrapolated afterwards following different strategies (Str. 5 – 8) to the whole water column or a portion of it. The performance of each 
monitoring strategy is presented in Table H1 and detailed in Table H6 and Fig. H1. Optimisations of the sampling point are supported by Table H2, 
Table H3, Table H4 and Table H5, and a summary of the bias and uncertainty of all monitoring strategies is presented in Table H6. 

Table F2 (continued ) 

Cup_PP_50 V1 136 6 130 11 119 1 0.26 2.86  
V2 118 30 88 7 81 -4 0.23 -14.63  
V3 * * * * * * * *  
V4 142 70 72 35 37 -3 0.32 -6.60  
V5 129 66 63 36 27 -1 0.31 -2.54 

Cup_PP_05 V1 72 5 67 30 37 -4 0.21 -26.98  
V2 75 11 64 40 24 -1 0.20 -6.58  
V3 54 20 34 9 25 1 0.30 6.27  
V4 113 61 52 12 40 -4 0.28 -12.65  
V5 110 73 37 26 11 -3 0.29 -9.34 

Film_HDPE_100 V1 124 30 94 1 93 -1 0.34 -2.37  
V2 156 78 78 25 53 -1 0.31 -2.08  
V3 * * * * * * * *  
V4 159 105 54 16 38 -1 0.33 -1.92  
V5 141 103 38 22 16 3 0.33 6.47 

Film_HDPE_15 V1 46 36 10 2 8 1 0.27 8.16  
V2 111 67 44 6 38 7 0.31 20.30  
V3 138 90 48 6 42 -2 0.30 -4.79  
V4 107 86 21 8 13 0 0.29 0.00  
V5 100 85 15 7 8 0 0.30 0.00 

Mask V1 54 0 54 0 54 2 0.22 17.12  
V2 67 0 67 1 66 0 0.22 0.00  
V3 56 2 54 17 37 -1 0.22 -8.01  
V4 25 0 25 2 23 -1 0.26 -15.45  
V5 136 1 135 36 99 1 0.31 2.38  

* Corrupted video. 

Table H1 
Riverine plastic monitoring strategies investigated.  

Str 
ID 

ID in 
manuscript 

Description 

Str. 1 Str. A Count at the free surface is representative of all plastic budget: Np
* ≈ NΓ,surf 

Str. 2 Str. B Visual observation of the free surface with 20 % depth visibility: Np
* ≈ NΓ 

Str. 3  Count at the free surface, then corrected by the expected fraction of surfaced plastics (Eq. 11): Np
* ≈ NΓ,surf/CΓ,surf 

Str. 4 Str. C Visual observation of the upper 20 % and estimation of suspension with Eqn 12: Np
* ≈ NΓ/(1 − Cβ)

Str. 5  Count at the free surface and sampling point in suspension (uniform over the water column). Suspended transport sampled at 50 % of the water column 
(based on sampling point optimisation, Table H2). 

Str. 6  Visual observation of the free surface with 20 % depth visibility and sampling point in suspension (uniform in the lower 80 % water column). Suspended 
transport sampled at 50 % of the water column (based on optimisation, Table H3). 

Str. 7  Count at the free surface and sampling point in suspension (Rouse, starting at 10 % depth). Suspended transport sampled at 50 % of the water column 
(based on optimisation, Table H4). 

Str. 8 Str. D Visual observation of the free surface with 20 % depth visibility and sampling of a point in suspension. The sampled plastic concentration is used to inform 
a Rouse profile, starting at 20 % depth, then used to integrate the suspended plastic count. Suspended transport sampled at 60 % of the water column 
(based on optimisation, Table H5).  
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Fig. H1. Relative error on the total plastics estimation for all monitoring strategies (Str) considered (Table H1). A β-dependence (markers correspond to the samples 
of Fig. 3), B box whisker plot for the relative error of different strategies. 

Table H2 
Optimization of the sampling position of suspended transport for Str. 5 (Table H1). Sampling point at X (%) of the water column.  

X (%) r2 (-) Relative Mean Error (%) Relative Median Absolute Err (%) 
45 0.65 6.77 14.29 
50 0.81 9.92 19.41 
55 0.70 13.07 22.44 
60 0.76 16.27 24.19 
65 0.69 19.47 22.69 
70 0.73 22.90 28.56 
75 0.62 26.32 31.76 
80 0.54 95.80 79.28 
85 0.42 165.28 116.08 
90 0.23 264.74 188.12  

Table H3 
Optimization of the sampling position of suspended transport for Str. 6 (Table H1). Sampling point at X (%) of the water column.  

X (%) r2 (-) Relative Mean Error (%) Relative Median Absolute Error (%) 
45 0.77 11.20 6.00 
50 0.92 13.72 10.65 
55 0.80 16.24 15.06 
60 0.88 18.80 17.70 
65 0.81 21.36 16.13 
70 0.86 24.10 21.92 
75 0.73 26.84 21.74 
80 0.59 82.43 71.29  
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Optimization of the sampling position of suspended transport for Str. 7 (Table H1). Sampling point at X (%) of the water column.  
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60 0.71 -25.44 24.37 
65 0.64 -26.99 26.52 
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Table H5 
Optimization of the sampling position of suspended transport for Str. 8 (Table H1). Sampling point at X (%) of the water column.  
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Table H6 
Bias (Rel. Mean. Err.) and uncertainty (Rel. Median Abs. Err.) for all river monitoring strategies considered (Table H1).   

Monitoring strategy 
Performance estimator Str. 1 Str. 2 Str. 3 Str. 4 Str. 5 Str. 6 Str. 7 Str. 8 
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Relative Mean Error (%) -52.43 -36.16 22.18 3.60 9.92 13.72 -19.93 -4.51 
Relative Median Absolute Error (%) -63.84 48.71 16.24 19.25 19.41 10.65 17.50 4.79  
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