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Abstract 23 

Land-based plastic waste is assumed to be the major source for freshwater and marine plastic pollution. Yet, 24 

the transport pathways over land, in rivers and into the oceans remain highly uncertain. Here, we introduce a new 25 

modelling concept to predict plastic transport pathways on land: the Trash-Tracker; a numerical model that 26 

simulates the spatiotemporal distribution of macroplastic waste at the river basin scale. The plastic transporting 27 

agents are wind and surface runoff, while plastic transport is resisted by the friction of the terrain. The terrain 28 

resistance, a function of the terrain slope and type of land use, is translated to thresholds that define the critical 29 

wind and surface runoff conditions required to mobilise and transport macroplastic waste. When the wind and/or 30 

surface runoff conditions exceed their respective thresholds, the model simulates the transport of plastics, resulting 31 

in plastic accumulation hotspots maps and high probability transport route maps on the scale of river basins. The 32 

Trash-Tracker contributes to a better mechanistic understanding of plastic transport through terrestrial and 33 

freshwater systems, and upon future calibration and validation, can serve as a practical tool for stakeholders to 34 

optimise plastic waste prevention, mitigation, and reduction strategies. 35 
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1. Introduction 36 

 37 

Plastic pollution causes harm to wildlife (e.g. ingestion or entanglement [40]) and has negative impacts on 38 

human health (e.g. consumption of contaminated seafood [32, 38]), on economic activities (e.g. damage to vessels 39 

or tourists repulsion), and on human livelihood (e.g. human health issues [54] and increased risks of local flooding 40 

due to clogged drains [49]). High production rates and extensive usage of plastics have caused the generation of 41 

plastic waste to exceed the capacity of the (local) waste management systems, allowing large amounts of 42 

mismanaged plastic waste (MPW) to enter the natural environment [12]. MPW is transported across terrestrial and 43 

freshwater ecosystems by aeolian and aquatic processes [3, 23, 27, 36, 46] and is assumed to be the main source 44 

of marine plastic pollution [5, 21, 55]. Studies on the fraction of the MPW that is emitted into the ocean suggest that 45 

the majority of the produced land-based plastic waste is retained in terrestrial and freshwater systems [44, 46]. A 46 

recent modelling study by Meijer et al. [29] generated river basin scale plastic transport probability maps and 47 

estimated that less than 2% of the annually produced MPW within river basins is emitted to the oceans. Although 48 

this study offered great insights into the probability and driving mechanisms of plastic transport through river basins, 49 

the exact transport routes and accumulation hotspots of the remaining 98% of the produced MPW remain 50 

unresolved.  51 

Currently, no plastic particle tracking model is available to resolve the (potential) trajectories of MPW within river 52 

basins, whereas such models have already been successfully developed for the marine environment [8, 16, 22, 28, 53 

52]. We developed the Trash-Tracker, a macroplastic particle tracking model concept for terrestrial and freshwater 54 

environments. The model concept is based on the assumption that macroplastic waste is mobilised and transported 55 

when the driving forces, wind and surface runoff, overcome the terrain friction caused by the (combination of the) 56 

type of land use and slope. The Trash-Tracker simulates the pathways of macroplastics and generates high 57 

resolution maps of the spatiotemporal distribution of macroplastics within river basins.  58 

The Trash-Tracker contributes to a better fundamental understanding of plastic transport in terrestrial and 59 

freshwater systems, since it identifies the major transport routes and accumulation hotspots of plastics in river 60 

basins. It serves as a useful tool for developing and improving (inter)national river plastic monitoring, collection and 61 

mitigation strategies. 62 

 63 

 64 

2. Methods 65 

 66 

The model is written in Python 3.8.3 in the Jupyter Notebook (Version 6.0.3) environment, a package from 67 

Anaconda Navigator [1]. The code of the Trash-Tracker (v1.0.2) and the user’s manual are available at 68 
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http://doi.org/10.5281/zenodo.4546247. Below, we discuss the modelling concept and demonstrate its application 69 

using a fictional case study using real-world forcing data. 70 

 71 

2.1 Model Concept 72 

The model concept is based on a principal criterion in the field of sedimentology, which states that sediment 73 

motion is initiated when driving forces overcome resistive forces [39]. We presumed that the motion of macroplastics 74 

over land is a function of driving and resistive forces as well and that thresholds mark the conditions required for 75 

incipient motion (Fig. 1). The two driving forces in the model are wind (𝑊) and surface runoff (𝑆𝑅) (the same driving 76 

forces were used by Meijer et al. [29]) and the resisting force, i.e. the terrain friction, is a result of the combination 77 

of land use and terrain slope, which is translated to a wind (𝑊𝑡ℎ𝑟𝑒𝑠) and a surface runoff threshold (𝑆𝑅𝑡ℎ𝑟𝑒𝑠). For 78 

each geographic location in the river basin, the wind speed (𝑊) and surface runoff flux (𝑆𝑅) are compared with their 79 

respective thresholds. This comparison has four possible outcomes:  80 

 81 

 

{
 
 
 

 
 
  
   𝑊 <  𝑊𝑡ℎ𝑟𝑒𝑠     ∧     𝑆𝑅 <  𝑆𝑅𝑡ℎ𝑟𝑒𝑠                                               (1)

 

 
   𝑊 ≥  𝑊𝑡ℎ𝑟𝑒𝑠     ∧     𝑆𝑅 <  𝑆𝑅𝑡ℎ𝑟𝑒𝑠                                               (2)

 

 
   𝑊 <  𝑊𝑡ℎ𝑟𝑒𝑠     ∧     𝑆𝑅 ≥  𝑆𝑅𝑡ℎ𝑟𝑒𝑠                                               (3)

 

   
 𝑊 >  𝑊𝑡ℎ𝑟𝑒𝑠     ∧     𝑆𝑅 ≥  𝑆𝑅𝑡ℎ𝑟𝑒𝑠                                               (4)

 

 82 

 83 

In case none of the thresholds are surpassed (eq. 1), the macroplastics will not be mobilised and no transport 84 

occurs. If only the wind threshold is surpassed (eq. 2), the macroplastics will move in the direction of the wind at 85 

that geographic location. In case only the surface runoff threshold is surpassed (eq. 3), the macroplastics will move 86 

in the direction of the surface runoff, which is equal to the direction of the steepest downhill terrain slope at that 87 

geographic location. Finally, if both thresholds are surpassed (eq. 4), the model randomly picks either the wind or 88 

the surface runoff direction at that geographic location along which the macroplastics will move.  89 

For each modelled time step the comparison of the wind and surface runoff with their respective thresholds 90 

results in transport vectors along which the macroplastics are transported. The start macroplastic distribution of a 91 

time step (‘Start’ in Fig. 2) consists of the mismanaged plastic waste generated at that time step (‘MPW input’ in 92 

Fig. 2) plus the end macroplastic distribution of the previous time step (‘End’ in Fig. 2). It is assumed that the 93 

mismanaged macroplastic waste generated during a single time step is exposed to the weather conditions of that 94 

same time step and is immediately available for transport.  95 

 96 

http://doi.org/10.5281/zenodo.4546247


5 

 

 97 

Fig. 1. Schematic representation of the main model concept of the Trash-Tracker. Plastics are mobilized once the driving forces 98 

exceed the resistive forces. 99 

 100 

 101 

Fig. 2. Schematic representation of the model framework in which the start and end mismanaged plastic waste (MPW) distributions 102 

for each time step are computed. The start MPW distribution of a time step is the sum of the MPW input for that time step and the 103 

end MPW distribution of the previous time step. Except for t = 0, where the start MPW distribution equals the MWP input for t = 0. 104 

 105 

2.2 Model Framework 106 

The model framework is shown in Fig. 3. The surface runoff flux (𝑆𝑅) can either be a direct input, or can be 107 

computed from a rainfall input data set. The surface runoff (𝑆𝑅𝑡ℎ𝑟𝑒𝑠) and wind speed (𝑊𝑡ℎ𝑟𝑒𝑠) thresholds are 108 

computed from the topography and land use input (see section 2.5). The mobilisation map shows which thresholds 109 

are surpassed where based on the outcomes of the comparisons between the surface runoff fluxes (𝑆𝑅) and wind 110 

speeds (𝑊) with their respective thresholds (eq. 1-4). The mobilisation map in combination with the surface runoff 111 

and wind directions allows the Trash-Tracker to generate a potential plastics routing map. The generation of 112 

mismanaged plastic waste is calculated from the population density and when combined with the mobilisation map, 113 

the surface runoff directions map and the wind direction map(s), a spatiotemporal macroplastic distribution map can 114 

be computed for each time step. 115 

 116 
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 117 

Fig. 3. Model framework of the Trash-Tracker. 118 

 119 

2.3 Model Resolutions 120 

The model is built on a rectangular [longitude, latitude] grid, with equally sized grid cells. Data on terrain 121 

characteristics are assigned to each grid cell and assumed to be representative for entire piece of land covered by 122 

that grid cell. The model can run on any spatial or temporal resolution depending on the required degree of detail 123 

and resolution of input data. However, we recommend to use a spatial resolution of 3 x 3 arc seconds (1 arc second 124 

~30 m) as most geospatial data (e.g. elevation, land use, wind, rain, etc.) are available on such a grid. For the 125 

temporal resolution we recommend 1 day as the transporting agents, i.e. wind and surface runoff (rain), have daily 126 

variations.  127 

 128 

2.4 Modelled Directions of Motion 129 

All motions in the model occur in the two-dimensional horizontal plane. Analogous to the approach of Jenson 130 

and Domingue [17], the modelled components, e.g. air, water and plastics, can only move from one model grid cell 131 
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to a neighbouring grid cell. As the model uses a rectangular grid, the directions of motion are restricted to eight: 132 

north, northeast, east, southeast, south, southwest, west and northwest.  133 

 134 

2.5 Modelled Plastic Mobilisation and Transport 135 

The model assumes that the mobilisation and transport thresholds, which mark the point where the driving forces 136 

overcome the resistive forces, solely depend on (the combination of) land use and terrain slope. The wind speed 137 

and surface runoff thresholds included in the model can be found in Supplementary Tab. SI1. The plastic 138 

mobilisation and transport thresholds were developed assuming that they increase with increasing terrain 139 

resistance.  140 

 141 

Wind driven transport 142 

The wind speed thresholds can be calculated as a function of only the type of land use – Option 1 – or as a 143 

function of the type of land use and the (combination of) terrain slope and wind direction – Option 2. 144 

Option 1: Starting point in defining the wind speed thresholds was the Beaufort wind scale, which defines that 145 

wind speeds between 5.5 and 7.9 m/s (BF4) “raise dust and loose paper” [30]. Combined with the assumption that 146 

flat bare land with no (natural or human-made) obstacles (e.g. vegetation or buildings) exerts the lowest resistive 147 

force to macroplastic transport, flat bare land was assigned a wind speed threshold of 6.6 m/s (the average of 5.5 148 

and 7.9 m/s). Subsequently, this wind speed threshold was extrapolated in order to obtain the thresholds for the 149 

four other land use types.  The extrapolation factors for each type of land use were derived from plastic transport 150 

probability estimates from a group of experts obtained in a survey conducted by Meijer et al. [29] (see 151 

Supplementary Information SI3 and Fig. SI1). The wind speed threshold value for rivers was set to an extremely 152 

high value of 30 m/s, assuming that only violent storms and hurricanes (>BF11) can lift floating macroplastic waste 153 

from a river.  154 

Option 2: For this calculation of the wind thresholds it was assumed that in case of winds blowing uphill/downhill, 155 

the ability of the wind to mobilise and transport macroplastics in the direction of the wind decreases (uphill winds) 156 

or increases (downhill winds), because it is counteracted (uphill winds) or assisted (downhill winds) by the force of 157 

gravity. For each radian of terrain slope angle, 4.2 m/s was added or subtracted from the wind speed threshold 158 

values calculated using Option 1, i.e. the thresholds that hold for flat terrains. The value of 4.2 m/s was determined 159 

by assuming that the wind speed threshold for (hypothetically) vertical bare lands equals 0.0 m/s (free fall). This 160 

would imply a decrease of 6.6 m/s of the wind speed threshold that corresponds to a terrain slope increase of 90° 161 

(½π radians). Assuming a linear relation, this comes down to a decrease of 4.2 m/s for each radian of terrain slope 162 

increase. An important implication of this approach is that the wind speed thresholds possibly do not only vary in 163 

space, but in time as well, because the wind directions can vary with time. For example, at time t, a certain wind 164 

speed at a specific location appears to be insufficient to mobilise and transport macroplastics, while at t+1, the same 165 
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wind speed but in a different direction appears to be sufficient to surpass the wind speed threshold and consequently 166 

moves the macroplastics. 167 

 168 

Surface runoff driven transport  169 

The surface runoff thresholds define for each type of land use the critical flux of surface runoff that is presumed 170 

to be sufficient to mobilise and transport macroplastics. However, as far as we know, no study to date has examined 171 

such surface runoff thresholds. We made a first attempt and established the orders of magnitude for our surface 172 

runoff thresholds on the distribution of the data on global absolute runoff trends found in the Global Runoff 173 

Reconstruction (GRUN) model, an observational-based global reconstruction of (monthly) runoff developed by 174 

Ghiggi et al. [13]. We assumed that the higher the density of natural (e.g. vegetation) or anthropogenic obstacles 175 

(e.g. buildings), the more surface runoff is required to displace macroplastics. Therefore, the urban lands have the 176 

lowest surface runoff thresholds and forests the highest. Within one type of land use, the terrain slope determines 177 

the surface runoff threshold. It was assumed that the steeper the terrain slope, the higher the surface runoff flow 178 

velocity and the higher the capability of the surface runoff to mobilise and carry macroplastics. For grid cells that 179 

are only surrounded by other grid cells with a higher topography, the surface runoff threshold is set to a value of 180 

1000 mm/d, because we assumed that only through the surface runoff flux caused by intense rainfall or floods is 181 

capable of carrying plastics uphill. As the terrain topography and land use are both assumed constant through time, 182 

the surface runoff thresholds only have a spatial variability. 183 

Surface runoff is a land feature and does not apply to rivers, seas or lakes. However, the model requires a 184 

surface runoff threshold for each grid cell in the model domain, therefore the ‘surface runoff threshold’ for river grid 185 

cells was set to 0 mm/d. Once in the river, plastics will be transported by the river flow unhindered. Plastic retention 186 

in the river channel is not included in the model.  187 

 188 

Moving plastic trash clusters 189 

The model works with so called trash clusters, where a single trash cluster is comprised of all the mismanaged 190 

plastic waste (MPW) items that was generated in a single grid cell during a single time step. For simplicity, all plastic 191 

items behave the same, therefore when a threshold in a grid cell is surpassed, all items of the trash cluster present 192 

in that grid cell are transported. It is possible for trash clusters to merge. This can happen when two (or more) trash 193 

clusters are transported towards the same grid cell or when a new trash cluster is generated in a grid cell in which 194 

another trash cluster was already present. When trash clusters merge, their MPW masses are summed and 195 

hereafter will move as one (larger) trash cluster throughout the river basin.  196 

 197 

 198 

 199 
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2.6 Modelled Plastic Emissions 200 

The model allows for cross-boundary transport at the outer limits of the model domain, which means that plastic 201 

waste can get lost/be emitted from the modelled river basin. The model distinguishes between three types of 202 

emissions: (i) river emissions, (ii) coastal emissions and (iii) land-to-land emissions. The coastal and river emissions 203 

deliver plastics to the adjacent downstream aquatic basin (e.g. lake, sea, ocean etc.), whereas mismanaged plastic 204 

waste lost through land-to-land emissions end up on land in adjacent river basins (typically via aeolian transport).  205 

 206 

2.7 Model Input & Input used for Model Application 207 

In this section, we describe the (type of) input data that the model requires and additionally provide the input 208 

data used for a model application. The model application presented in this study is meant to illustrate (‘a proof of 209 

principle’) the performances of the Trash-Tracker for a simple hypothetical river basin with a model domain of 30 210 

by 30 arc seconds, a 3 by 3 arc seconds resolution (i.e. 100 grid cells), a modelled period of one year and a temporal 211 

resolution of 1 day. In the model application the wind speed thresholds are only a function of the type of land use 212 

(Option 1 – see section 2.5).  213 

 214 

Topography 215 

The topography input data defines for each grid cell the elevation above sea level in meters. For each grid cell 216 

the distance weight drop towards each of its neighbouring grid cells is calculated (topography data can be extracted 217 

from a database such as HydroSHEDS [25]). The model calculates the distance weighted drop in all eight directions 218 

and marks the smallest as the direction of the steepest downhill terrain slope. In case a grid cell is surrounded by 219 

grid cells with a higher topography, the smallest distance weighted drop marks the direction of the gentlest uphill 220 

slope. The topography map created for the model application is shown in Fig. 4a (the steepest downhill slopes 221 

direction and magnitude map can be found in Supplementary Fig. SI2). 222 

 223 

Land Use 224 

The land use input data defines for each grid cell the type of land use (land use data can be extracted from a 225 

database such as the ESA CII Land Cover time-series [9]). The Trash-Tracker distinguishes between water and 226 

five types of land use: urban land (artificial surfaces, e.g. cities), bare land (little or no vegetation), grass/shrub land 227 

(grass and/or shrub cover, e.g. pastures), agricultural land (edible plants vegetation, e.g. croplands) and forest 228 

(dense vegetation with trees, ranging from tropical rainforests to boreal forests). These land use categories were 229 

developed on the basis of the Land Cover Themes in the GLC2000 data set [4]. It is possible to add more types of 230 

land use. The land use map used for the model application (Fig. 4b) was manually made. The river drains towards 231 

an ocean south of the model domain and the bare land in the south represents a coastline. 232 

 233 
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Wind 234 

The wind input data provides for each time step for a given grid cell the daily averaged wind speed in meters 235 

per second and the average wind direction (the wind data can be extracted from a database such as the Global 236 

Wind Atlas [14]). The table to convert wind directions in degrees (0°-360°) to the eight direction of motion used in 237 

the model can be found in Supplementary Tab. SI2. Wind speeds and directions used for the model application can 238 

be found in Supplementary Fig. SI3 and Tab. SI3, respectively. These wind speeds and directions have been 239 

generated for each time step based on frequency tables for wind speeds (see Supplementary Tab. SI4) [34] and 240 

wind directions (see Supplementary Tab. SI5) [35] computed from wind measurements at the De Bilt weather station 241 

from the Royal Netherlands Meteorological Institute (KNMI).  242 

 243 

Surface Runoff 244 

The surface runoff input data provides for each time step for a given grid cell the flux of surface runoff in 245 

millimetres per day (the surface runoff data can be extracted from a database such as GRUN [13]). Surface runoff 246 

can also be computed from rainfall data (extracted from regional/national weather stations) using a runoff coefficient. 247 

The runoff coefficient (= runoff / rainfall) is the fraction of the rainwater that does not infiltrate in the soil and 248 

consequently becomes surface runoff. The type of land cover (i.e. vegetation) plays a major role in this process. 249 

The surface runoff direction in each grid cell is equal to the direction of the steepest terrain slope of that grid cell 250 

(Supplementary Fig. SI2). 251 

The rainfall values used in the model application can be found in Supplementary Fig. SI4. These values were 252 

generated on the basis of a frequency table for rainfall (see Supplementary Tab. SI6) [33] by the De Bilt weather 253 

station from the Royal Netherlands Meteorological Institute (KNMI). The runoff coefficients that were used to convert 254 

the rainfall values into surface runoff values can be found in Supplementary Tab. SI7 [15, 18].  255 

The surface runoff flux and direction in river grid cells equal the river flow speed and direction, respectively. The 256 

Trash-Tracker assumes simple constant river flow dynamics, where for the model application the surface runoff flux 257 

for all river grid cells was set to 1000 mm/d and the river flow directions were manually set to drain the water towards 258 

the south of the model domain (white arrows in land use map Fig. 4b). 259 

 260 

Mismanaged Plastic Waste Generation 261 

The mismanaged plastic waste (MPW) input data provides for each time step for each grid cell the mass of 262 

MPW generated in kilograms. If no MPW generation input data is available, it can be computed from the population 263 

density in combination with estimates on the (yearly) generation of solid municipal waste per capita, the fraction of 264 

waste that is mismanaged and the proportion of plastics in solid waste [24]. The population density map used for 265 

the model application show for each grid cell the number of inhabitants and can be found in Supplementary Fig. 266 

SI5. Forests were assigned an artificial population density of 0.1 people/grid cell (~12.3 people/km2) in order to 267 
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account for (occasional) littering associated to recreational activities. The yearly MPW generated in each grid cell 268 

was calculated using waste values reported for the Netherlands for the year 2015: 526 kg per capita solid waste 269 

production, of which 1% was mismanaged and 19% consisted of plastics [24]. We assumed a constant daily MPW 270 

generation and divided the yearly MPW production by 365 in order to obtain the daily MPW generation map (Fig. 271 

4c). 272 

 273 

2.8 Modelled Output 274 

After a single model run, the Trash-Tracker produces for each time step a spatial distribution map of 275 

macroplastics, indicating the total mass of macroplastics present in every grid cell in the river basins. In addition, 276 

the plastic mass content of any single grid cell in the model domain can be plotted over time. For each time step in 277 

the model run, the type of plastic emissions from the river basin and the mass of emitted plastics is recorded, which 278 

can be used to produce plastics mass balance graphs. Furthermore, the Trash-Tracker registers for each time step 279 

how much of the macroplastic waste is present on land and how much is in the river. This information allows 280 

determining (the evolution of) the ratio of terrestrial versus aquatic plastic pollution. In order to get insights into the 281 

potential routes that macroplastics undertake due to wind and/or surface runoff driven transport, the Trash-Tracker 282 

records for each grid cell the number of instances that plastic trash clusters would be transported (if present) in a 283 

certain direction. This results in the potential plastics routing map, which is generated without, and is therefore 284 

independent of, the presence of plastic waste. The potential plastics routing map can be viewed as a trajectory 285 

probability map for macroplastic transport through river basins. 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 
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a.                                        Topography 

 
 
 

b.                                           Land Use 

 
 

c.                    Mismanaged Plastic Waste Generation 

 

 

 302 

Fig. 4. Topography (m) (a), land use (b) and mismanaged plastic waste generation (kg/d) (c) maps of the hypothetical river basin 303 

used for the model application presented in this study. White arrows in land use map indicate the river flow. 304 

 305 

 306 

3. Results 307 

 308 

3.1 Spatiotemporal Distribution of Macroplastics 309 

Based on the terrain characteristics the Trash-Tracker computes a wind speed and surface runoff threshold 310 

map that depict the spatial distribution of the degree of resistance to wind and surface runoff driven mobilisation 311 

and transport of plastic waste (the threshold maps generated by the model application can be found in 312 

Supplementary Fig. SI6). The model compares for each time step the threshold maps with the wind and surface 313 

runoff conditions and computes for each time step a plastic mobilisation map. The plastic mobilisation map indicates 314 

where and by which transporting agent (wind or surface runoff) macroplastics are mobilised and transported. 315 

Temporal variations in the wind and surface runoff conditions usually lead to different plastic mobilisation maps for 316 

different time steps (Fig. 5). 317 
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The Trash-Tracker computes the spatiotemporal distribution of macroplastics on the basis of the plastic 318 

mobilisation maps. For each modelled time step the MPW that lies on grid cells in which a threshold is surpassed 319 

will be mobilised and transported towards a neighbouring grid cell, depending on the transport direction forced by 320 

the transporting agent (wind or surface runoff). For each modelled time step spatiotemporal distribution maps that 321 

indicate the total mass of MPW present in each grid cell are generated. These maps reveal where and for how long 322 

plastic waste accumulate. Similar to how oceanic models reveal oceanic garbage patches [52], the Trash-Tracker 323 

reveals “terrestrial garbage patches”, i.e. accumulation zones of plastic on land. Furthermore, the macroplastic 324 

distribution maps identify prime transportation routes of plastics and show potential locations for MPW to enter river 325 

channels. This type of information is crucial for the development of effective targeted plastic waste interception and 326 

clean-up operations that prevent plastics to enter the marine environment.  327 

The spatiotemporal macroplastic distribution maps generated by the model application demonstrate that densely 328 

vegetated areas adjacent to urban areas usually accumulate MPW and develop as “terrestrial garbage patches” 329 

(Fig. 6a and Fig. 6b). In these hotspots the MPW content can build up to great masses until extreme weather 330 

conditions move the plastics. Even though urban areas itself are characterized by low thresholds that prevent 331 

prolonged accumulation of MPW, populated areas do show relatively high MPW masses, because they are the 332 

main source of plastic waste in the model.  333 

The evolution of the MPW mass content can be studied on smaller scales as well. For example, Fig. 6c shows 334 

the MPW mass content in a single grid cell (latitude 0 and 24 longitude) of the hypothetical river basin used in the 335 

model application. This bare land grid cell shows cycles in which it receives MPW, accumulates it for some time 336 

and eventually loses it again.  337 

The Trash-Tracker keeps track of where the MPW is located within the river basin at all times so that, for 338 

example, the ratio between MPW on land and afloat in the river can be determined. Plastic retention in the river is 339 

not included in the model, i.e. all plastics in river grid cells follow the river flow unhindered. The graph in Fig. 6d 340 

shows that in our example model application the land/river ratio is relatively constant and that on average 83% 341 

(STD: 14.5%) of the MPW is on land.  342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 
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                                                       t = 0                                                        t = 18 

  
 

                                                       t = 26                                                        t = 44 

  
 

 352 

Fig. 5. Plastic mobilisation maps generated by the model application for time steps with varying weather conditions. t = 0: low wind 353 

and surface runoff; t = 18: low wind and high surface runoff; t = 26: high wind and low surface runoff; t = 44: high wind and surface 354 

runoff. 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 
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a.              Macroplastic distribution by the end of t = 50 

 

c.           Mismanaged plastic waste in grid cell A 

 
 
d.                      Wind Speed and Rainfall 

 
 
e.          Mismanaged plastic waste in river basin 

 

 
 
b.              Macroplastic distribution by the end of t = 185 

 
 

 366 

Fig. 6. Spatial distributions of macroplastics (kg) within the hypothetical river basin generated by the model application for time 367 

steps t = 50 (a) and t = 185 (b). White arrows indicate river flow directions. (c) Mismanaged plastic waste mass content (kg) 368 

simulated by the model application for the bare land grid cell at latitude 0 and longitude 24 (highlighted with red box A in the 369 

distribution maps). (d) Wind speed (m/s) and total amount of rainfall (mm/d) for the model application. (e) Total mismanaged 370 

plastic waste mass content (kg) of the entire hypothetical river basin through time. Green/blue shaded areas indicate the total 371 

mass of mismanaged plastic waste in land/river grid cells, respectively. 372 

 373 

3.3 Potential Trajectories of Macroplastics 374 

For each grid cell the Trash-Tracker computes how often plastics would be transported in each of the eight 375 

possible directions under a given set of weather conditions, by comparing the wind speeds and surface runoff fluxes 376 

with the wind and surface runoff thresholds. The result of this computation is presented in a potential plastics routing 377 

map, in which the width of the arrows is proportional to the frequency with which plastic transportation was forced 378 

in that particular direction. Mismanaged plastic waste (MPW) has the highest probability to be transported in the 379 

direction with the highest frequency. Therefore the potential plastics routing map is crucial for identifying the most 380 

A 

A 
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likely route(s) that plastics will follow from their land-based source to the river and eventually to the ocean. The 381 

potential plastics routing map generated by the model application is shown in Fig. 7.  382 

 383 

 384 

Fig. 7. Potential plastics routing map. Black arrows indicate all potential transport directions that result from the terrain 385 

characteristics, thresholds and weather conditions used for the model application described in this study. The width of the black 386 

arrow is proportional to the frequency with which plastic transport was forced in that particular direction. In river grid cells, the 387 

plastics are always transported in the direction of the river flow, indicated by white arrows in this map. The width of the white 388 

arrows is not proportional to their transport frequency. The surface roughness of forests prevents any plastic transport under the 389 

weather conditions used in this model scenario. 390 

 391 

3.4 Macroplastics Emissions 392 

The Trash-Tracker registers the plastic emissions for each time step and thereby allows for accurate river basin 393 

specific data on where and when plastics leave the river basin. This provides valuable insights on the response 394 

(time) of plastic emissions to seasonality and extreme weather conditions (e.g. floods or hurricanes) and is crucial 395 

for anticipating peak plastic discharges at river mouths. But most importantly, the spatiotemporal data on the plastics 396 

emissions of single river basins can be used as input for oceanic plastic particle tracking models.  397 

In the model application, we found that from all the plastics that left the (hypothetical) river basin, 88.1% was 398 

emitted by the river, 5.0% by the coast (bare land in Fig. 4b) and 6.9% was moved to the adjacent river basin (land-399 

to-land emissions). These results indicate that the majority of the plastic waste is emitted to the oceans via rivers, 400 

which has been recognized by previous studies as well [36, 45, 46, 47].  401 
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The graph in Fig. 8 shows the total mismanaged plastic waste (MPW) input and emissions that occurred during 402 

the model application run and provides insights regarding the river basin’s plastic mass budget by indicating during 403 

which periods net accumulation, i.e. MPW input > MPW output, and net loss, i.e. MPW input < MPW output, of 404 

plastics occur. 405 

 406 

 407 

Fig. 8. Mismanaged plastic waste (MPW) input (kg) and total MPW emissions (kg) for each time step generated by the model 408 

application. The MPW emission of a time step is the sum of the river, coastal and land-to-land emissions for that time step. Light 409 

blue area indicates net MPW accumulation (MPW input > MPW output) and yellow area indicates net MPW reduction (MPW input 410 

< MPW output) at the river basin scale.  411 

 412 

 413 

4. Discussion  414 

 415 

4.1 The Trash-Tracker – an innovative new tool 416 

Previous studies that aimed at estimating riverine plastic emissions on the scale of single river basins, mainly 417 

focussed on the fraction of plastic waste that is emitted to the oceans and neglected what happens with the plastic 418 

between its land-based source and marine sink [23, 36]. The Trash-Tracker distinguishes itself from these studies 419 

by, for the first time, simulating the transport routes and accumulation behaviour of macroplastic waste within river 420 

basins. The modelled high resolution data of the spatiotemporal distribution of plastics within river basins exposes 421 

potential “terrestrial garbage patches” and will be fundamental for solving the global plastic waste mass budget and 422 
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provide insights on the relative importance of terrestrial pollution with respect to freshwater and marine plastic 423 

pollution. In addition, the modelled time series on plastic emissions improve our estimates of riverine plastic input 424 

into the oceans for individual river basins and, upon upscaling, will advance the estimations on global riverine 425 

inputs.  426 

 The Trash-Tracker will find its application in the field of marine plastic pollution modelling. Marine plastic debris 427 

is transported by ocean surface currents that greatly vary in time and space [43]. Consequently, the transport and 428 

fate of marine plastic debris strongly depends on when and where plastics enter the marine environment [53]. The 429 

river basin specific time series of plastic emissions generated by the Trash-Tracker are therefore valuable input for 430 

oceanic plastic particle tracking models, improving estimations on the transport and fate of marine plastics. When 431 

the Trash-Tracker is combined with oceanic models, full global coverage can be achieved and for the first time it 432 

will be possible to track plastics all the way from source to sink. This will be fundamental for solving the global plastic 433 

mass budget and provide new insights on the fate of mismanaged plastic waste [41, 55, 57]. 434 

 Additionally, the Trash-Tracker is useful for the development of effective plastic pollution prevention, mitigation 435 

and reduction strategies. The simulated trajectories and spatiotemporal distributions can expose “terrestrial garbage 436 

patches”, which allows for the design of targeted and close-to-the-source plastics interception and clean-up 437 

activities.  The removal of plastic is a matter of great urgency, because it ceaselessly builds up in terrestrial, 438 

freshwater and marine environments, where they can pose a serious threat to species health and human livelihood 439 

in general [7, 10, 49]. 440 

 441 

4.2 Future recommendations 442 

 443 

Modelling Plastic Transport, Distributions and Emissions 444 

The concept of driving forces that need to overcome thresholds appears realistic for determining whether 445 

plastics are (mobilised and) transported. However, it does not estimate how far the plastics are transported. The 446 

model restricts the displacement of plastics to one grid cell per time step, which can results in realistic macroplastic 447 

transport rates for terrestrial environments because the values of the plastic mobilisation and transport thresholds 448 

are adjusted to the spatial and temporal resolution of the model. Studies have shown that airborne microplastics 449 

can be transported over large distances, i.e. up to 95 km [1], but for macroplastics this has not been observed to 450 

date. The Trash-Tracker modelling framework does allow for inclusion of new formal descriptions of macroplastic 451 

transport dynamics, including airborne transport. Additionally, it allows for the improvement of current descriptions.   452 

The Trash-Tracker simulates the transport and accumulation of plastics in rivers using a constant, ‘down the 453 

drain’ discharge. Hydrological processes that are known to influence plastic transport in rivers, but are not yet 454 

included in the model, are fluctuations in river discharge, flow characteristics such as the level of turbulence and 455 

tidal variations [20, 47]. Additionally, vertical gradients in plastic concentrations can to develop in the water column, 456 
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and items can be deposited on the river bed [26]. These vertical patterns could be included in the model through 457 

simple first-order removal rates, or via 3D process descriptions. Moreover, river bank vegetation, floating aquatic 458 

plants and barriers such as dams or weirs capture plastics and thereby influence the plastic emissions [19, 49, 50]. 459 

All these aspects could be included in the modelling framework, when better parametrization of the different 460 

processes would become available.   461 

Another aspect that is difficult to parameterize is the influence of anthropogenic structures and activities on 462 

plastic accumulation and transport. For example, plastic waste that clogs sewerage systems in urban areas [31, 463 

56], or large scale clean-up activities such as the World Cleanup Day, which in 2019 united more than 20 million 464 

people in 180 countries that collected >77,000 plastic trash items [58]. Future research could explore the possibility 465 

of adding anthropogenic activities to the model in order to improve the estimates on macroplastic transport, removal 466 

and retention within river basins.  467 

 468 

Model Calibration and Validation 469 

The Trash-Tracker is a first spatiotemporal explicit framework that models both terrestrial and riverine transport 470 

of macroplastic. However, there are still many uncertainties associated with the accuracy of the model 471 

parameterization and prediction, because data is scarce.  Emissions, mobilisation and transport thresholds and 472 

transport pathways of plastic waste within actual river basins should be (empirically) determined. For example, 473 

physical experiments (e.g. on artificial hillslopes) can elucidate under which wind and surface runoff conditions 474 

different types of macroplastics are mobilised and transported over terrains with varying combinations of slopes 475 

and land use. These experiments would offer valuable insights on the influence of material properties of the plastic 476 

waste items (e.g. size, shape, density, wet/dry, etc.) on the mobilisation and transport thresholds [37].  477 

Once the Trash-Tracker contains empirically proven mobilisation and transport thresholds, the model predictions 478 

would ideally be calibrated and validated with observational data. The modelled macroplastic waste distribution on 479 

land and in the rivers can be compared with actual macroplastic distribution data; quantified by e.g. field plastic 480 

collection efforts [48], citizen litter collection projects [42], or optical satellite data [5]. Riverine plastics transport can 481 

be quantified with visual counting or automated methods such as unmanned aerial vehicles [11] and cameras [51]. 482 

We anticipate that future collaborations with field collection and monitoring projects allow for a fast and robust 483 

calibration of the Trash-Tracker and improve the validity of the forecasted transport and fate of macroplastics within 484 

river basins. 485 

 486 

 487 

 488 

 489 

 490 
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5. Conclusions 491 

 492 

Each day vast amounts of mismanaged plastic waste (MPW) enter the natural environment. Although various 493 

studies have examined where and when MPW is generated and emitted, the actual trajectory between land-based 494 

source and marine sink remained largely unresolved. For this reason we developed the Trash-Tracker, a numerical 495 

modelling framework that simulates specific spatiotemporal distributions and trajectories of macroplastic waste 496 

resulting from wind and surface runoff driven transport on the river basin scale. This model contributes to improving 497 

our fundamental understanding of the mobilisation, transport and accumulation behaviour of macroplastics over 498 

land. The spatiotemporal distribution maps indicate the locations of “terrestrial garbage patches”, which allows for 499 

the development of targeted clean-up strategies that effectively remove plastics from the terrestrial environment. In 500 

addition, the potential plastic routing maps identify prime transportation routes of plastic waste through river basins, 501 

which is crucial for designing close-to-the-source interception strategies that prevents plastics from entering the 502 

marine environment. 503 

 504 

 505 

List of abbreviations 506 

 507 

MPW  mismanaged plastic waste 508 

𝑊  wind speed (m/s) 509 

𝑊𝑡ℎ𝑟𝑒𝑠  wind speed threshold for macroplastic mobilisation and transport (m/s) 510 

𝑆𝑅  surface runoff (mm/d) 511 

𝑆𝑅𝑡ℎ𝑟𝑒𝑠  surface runoff threshold for macroplastic mobilisation and transport (mm/d) 512 
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Supplementary Information for “The Trash-Tracker: A 692 

Macroplastic Transport and Fate Model at River Basin 693 

Scale” 694 
 695 
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 708 

 709 

S1. Table wind speed and surface runoff thresholds 710 

Tab. SI1. Wind speed (𝑊𝑡ℎ𝑟𝑒𝑠) and surface runoff threshold (𝑆𝑅𝑡ℎ𝑟𝑒𝑠) values used by the Trash-Tracker. These values indicate for 711 

each combination of land use and terrain slope, the critical wind speed (m/s) and surface runoff (mm/d) presumed to mobilise and 712 

transport macroplastics. R x – y refers to the surface runoff threshold for downhill slopes with a slope angle between x and y 713 

degrees. For uphill slopes the surface runoff threshold for all land use types is 1000 mm/d. 714 

 715 

 

Wind speed threshold, 𝑾𝒕𝒉𝒓𝒆𝒔, in 

meters per second 
Surface runoff threshold, 𝑺𝑹𝒕𝒉𝒓𝒆𝒔, in millimetres per day 

Flat terrain radian uphill-1 radian downhill-1 R0 - 10 R10 - 20 R20 - 30 R30 - 40 R40 - 50 R50 - 60 R60 - 70 R70 - 80 R80 - 90 

River 30.0 n/a n/a 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Urban land 8.8 + 4.2 - 4.2 2.00 1.75 1.50 1.25 1.00 0.75 0.50 0.25 0.001 

Bare land 6.6 + 4.2 - 4.2 3.00 2.75 2.50 2.25 2.00 1.75 1.50 1.25 1.00 

Grass/shrub land 10.0 + 4.2 - 4.2 4.00 3.75 3.50 3.25 3.00 2.75 2.50 2.25 2.00 

Agricultural land 13.2 + 4.2 - 4.2 5.00 4.75 4.50 4.25 4.00 3.75 3.50 3.25 3.00 

Forest  26.4 + 4.2 - 4.2 7.00 6.75 6.50 6.25 6.00 5.75 5.50 5.25 5.00 

 716 

 717 

S2. Wind directions conversion table 718 

Tab. SI2. Wind directions conversion table from degrees to the eight main directions used in the model. Wind direction is defined 719 

as where the wind originates from. The third column in this table indicates the direction in which plastics carried by the wind are 720 

transported, this direction is always opposite of the direction from which the wind originates. 721 

 722 
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Wind direction [degrees] Wind direction Direction of wind driven particle transport 

292.5° - 337.5° NW SE 

337.5° - 22.5° N S 

22.5° - 67.5° NE SW 

67.5° - 112.5° E W 

112.5° - 157.5° SE NW 

157.5° - 202.5° S N 

202.5° - 247.5° SW NE 

247.5° - 292.5° W E 

 723 

 724 

S3. Explanation of the computation of the wind speed thresholds 725 

The wind speed thresholds (in meter per second) indicate the critical wind speed required to mobilise and 726 

transport plastic over a distance of at least the largest grid resolution (zonal or meridional). The wind speed 727 

thresholds included in the current version of the Trash-Tracker have been established based on the Beaufort wind 728 

scale in combination with probability estimates of plastic mobilisation by a panel of experts [3].  729 

Bare land is assumed to have the lowest resistance to wind driven plastic transport, due to the absence of 730 

natural (e.g. vegetation) and artificial (e.g. buildings) obstacles. The lowest wind speed threshold has been set to 731 

6.6 m/s, as according to the Beaufort scale, wind speeds of BF 4 (5.8 - 8.8 m/s) “raise dust and loose paper” [4]. 732 

This value has been extrapolated for higher resistance terrains types, based on plastic transport probabilities 733 

estimated by a group of 24 experts. These 24 experts were asked to answer the following questions (see Table S8 734 

in the Supplementary Materials from Meijer et al. [3]): 735 

 736 

 What is the overland transport probability per kilometre for land use type ‘bare land’? 737 

 What is the overland transport probability per kilometre for land use type ‘urban’? 738 

 What is the overland transport probability per kilometre for land use type ‘agricultural land’? 739 

 What is the overland transport probability per kilometre for land use type ‘forest’? 740 

 741 

Averaging their answers gave probabilities of 0.96, 0.75, 0.44 and 0.17 for bare, urban, agricultural and forest lands, 742 

respectively. We roughly interpreted these average probabilities as 1.00, 0.75, 0.50 and 0.25 and determined the 743 

wind thresholds for urban, agricultural and forest lands by multiplying 6.6 with the reciprocals of the average 744 

probability values (Fig. SI1). As no probability of plastic transport estimates were available for grass/shrublands, we 745 

took a value between 8.8 and 13.2 m/s: 10.0 m/s. 746 

 747 
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 748 

* Average of the probability estimates from experts (see Table S9 in Supplementary Materials Meijer et al. [3]) 749 

 750 

Fig. SI1. Schematic representation of the extrapolation calculations of the wind thresholds, from (flat) ‘Bare land’ (6.6 m/s) to the 751 

‘Urban land’, ‘Agricultural land’ and ‘Forest’ land use types. The multiplication factors are the reciprocals of the average probability 752 

estimates of plastic transport for these four types of land use as predicted by a panel of experts [3].  753 

 754 

 755 

S4. Map of the directions and magnitude of the steepest downhill slopes for the model application756 

 757 

Fig. SI2. Direction and magnitude (m/m) of the steepest downhill slope for each grid cell as computed from the topography map 758 

of the hypothetical river basin used in the model application. In the hypothetical river basin all steepest slopes are downhill and 759 

therefore only negative slope values occur. 760 

 761 

 762 

 763 

 764 

 765 
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S5. Graph wind speeds for the model application 766 

 767 

Fig. SI3. Wind speed (m/s) for every time step in the model application, along with the wind speed threshold values (m/s) for flat 768 

areas of the five types of land uses. 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 
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S6. Table wind directions for the model application 792 

Tab. SI3. Wind directions, defined as the direction from which it originates, for each time step in the model application. Note that 793 

plastics carried by the wind are transported in the opposite direction as from where the wind originates. 794 

 795 
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S7. Frequency distribution table wind speeds 797 

Tab. SI4. Frequency distribution table for 20 wind speed classes. This table is directly derived from the wind speed frequency table named “Frequentietabellen Windsnelheid in m/s, Distributief in 798 

procenten, De Bilt” [6]. The table below indicates for each month the frequency with which the hourly averaged wind speeds (recorded by the Royal Netherlands Meteorological Institute (KNMI) in the 799 

period 1981 - 2000 at weather station De Bilt) fell within 20 wind speed classes. The De Bilt weather station is located at 52.1015441 latitude and 5.1779992 longitude, the Netherlands. We used the 800 

frequencies in the table below to pick a wind speed class for each time step of the model application. For this we used the NumPy function numpy.random.choice([A], p = [B]), in which A is an array 801 

filled with the numbers 1 to 20, representing the 20 wind speed classes, and B is an array filled with the 20 frequency values for a specific month depending on in which month the time step falls 802 

(assume not a leap year). After a wind speed class has been chosen, the model randomly picks a wind speed value between the limits (second column in the table below) of that wind speed class. 803 

Fig. SI3 shows the wind speed values that were generated in this way for the model application presented in this study. 804 
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1 0.0 - 0.4 0.0035 0.0034 0.0056 0.0027 0.0042 0.0044 0.0058 0.0120 0.0115 0.0065 0.0039 0.0040 

2 0.5 - 1.4 0.0938 0.0858 0.0995 0.1181 0.1234 0.1231 0.1419 0.1903 0.1926 0.1428 0.1185 0.1040 

3 1.5 - 2.4 0.1517 0.1578 0.1610 0.1900 0.2076 0.2238 0.2450 0.2586 0.2435 0.2118 0.2070 0.1774 

4 2.5 - 3.4 0.1680 0.1993 0.1960 0.2136 0.2357 0.2531 0.2466 0.2302 0.2251 0.2122 0.1988 0.1873 

5 3.5 - 4.4 0.1639 0.1700 0.1739 0.1878 0.1957 0.2088 0.1915 0.1681 0.1544 0.1749 0.1688 0.1600 

6 4.5 - 5.4 0.1401 0.1434 0.1284 0.1352 0.1281 0.1194 0.1117 0.0840 0.0959 0.1139 0.1318 0.1350 

7 5.5 - 6.4 0.1049 0.0916 0.0925 0.0815 0.0608 0.0471 0.0413 0.0370 0.0483 0.0644 0.0874 0.0976 

8 6.5 - 7.4 0.0761 0.0645 0.0690 0.0442 0.0297 0.0147 0.0118 0.0156 0.0200 0.0388 0.0494 0.0630 

9 7.5 - 8.4 0.0470 0.0428 0.0355 0.0187 0.0110 0.0042 0.0034 0.0033 0.0066 0.0214 0.0235 0.0357 

10 8.5 - 9.4 0.0272 0.0255 0.0190 0.0056 0.0026 0.0011 0.0009 0.0009 0.0016 0.0068 0.0061 0.0178 

11 9.5 - 10.4 0.0142 0.0097 0.0117 0.0021 0.0007 0.0003 0.0001 0.0001 0.0004 0.0042 0.0024 0.0101 

12 10.5 - 11.4 0.0047 0.0032 0.0050 0.0001 0.0001 0.0000 0.0000 0.0000 0.0000 0.0013 0.0010 0.0048 

13 11.5 - 12.4 0.0032 0.0024 0.0021 0.0002 0.0002 0.0000 0.0000 0.0000 0.0000 0.0007 0.0006 0.0024 

14 12.5 - 13.4 0.0009 0.0005 0.0007 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000 0.0002 0.0001 0.0007 

15 13.5 - 14.4 0.0005 0.0003 0.0002 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001 

16 14.5 - 15.4 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001 

17 15.5 - 16.4 0.0001 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000 

18 16.5 - 17.4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0000 

19 17.5 - 18.4 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

20 18.5 - 19.4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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S8. Frequency distribution table wind directions 809 

Tab. SI5. Frequency distribution table for 37 wind direction classes. This table is directly derived from the wind direction frequency table named “Frequentietabellen Windrichting in graden, Distributief 810 

in procenten, De Bilt” [7]). The table indicates for each month the frequency with which the hourly averaged wind directions (recorded by the Royal Netherlands Meteorological Institute (KNMI) in the 811 

period 1981 - 2000 at weather station De Bilt) fell within 37 wind direction classes. The De Bilt weather station is located at 52.1015441 latitude and 5.1779992 longitude, the Netherlands. We used 812 

the frequencies in the table below to pick a wind direction class for each time step of the model application. For this we used the NumPy function numpy.random.choice([A], p = [B]), in which A is an 813 

array filled with the numbers 1 to 37, representing the 37 wind direction classes, and B is an array filled with the 37 frequency values for a specific month depending on in which month the time step 814 

falls (assume not a leap year). After a wind speed class has been chosen, the model randomly picks a wind direction value between the limits (second column in the table below) of that wind direction 815 

class. Finally, the wind directions conversion table (Tab. SI2) is used to fit the selected wind direction into one of the eight wind directions used in the model and determine the direction in which plastics 816 

that are carried by the wind are transported. Tab. SI3 shows the wind directions that were generated in this way for the model application presented in this study. 817 

 818 

C
la

s
s

 

W
in

d
 

D
ir

e
c
ti

o
n

 

(d
e
g

re
e
s

) 

F
re

q
u

e
n

c
y
 

in
 J

a
n

u
a
ry

 

F
re

q
u

e
n

c
y
 

in
 F

e
b

ru
a
ry

 

F
re

q
u

e
n

c
y
 

in
 M

a
rc

h
 

F
re

q
u

e
n

c
y
 

in
 A

p
ri

l 

F
re

q
u

e
n

c
y
 

in
 M

a
y

 

F
re

q
u

e
n

c
y
 

in
 J

u
n

e
 

F
re

q
u

e
n

c
y
 

in
 J

u
ly

 

F
re

q
u

e
n

c
y
 

in
 A

u
g

u
s
t 

F
re

q
u

e
n

c
y
 

in
 

S
e
p

te
m

b
e
r 

F
re

q
u

e
n

c
y
 

in
 O

c
to

b
e
r 

F
re

q
u

e
n

c
y
 

in
 

N
o

v
e
m

b
e
r 

F
re

q
u

e
n

c
y
 

in
 

D
e
c
e
m

b
e
r 

1 * 0.0319 0.0350 0.0396 0.0442 0.0591 0.0544 0.0637 0.0882 0.0784 0.0568 0.0459 0.0374 

2 5 - 14 0.0074 0.0124 0.0112 0.0284 0.0288 0.0233 0.0152 0.0170 0.0110 0.0063 0.0071 0.0082 

3 15 - 24 0.0088 0.0211 0.0175 0.0309 0.0335 0.0284 0.0216 0.0243 0.0152 0.0106 0.0078 0.0104 

4 25 - 34 0.0149 0.0285 0.0226 0.0347 0.0411 0.0342 0.0343 0.0280 0.0219 0.0170 0.0153 0.0144 

5 35 -44 0.0231 0.0290 0.0212 0.0438 0.0404 0.0336 0.0338 0.0300 0.0275 0.0167 0.0153 0.0219 

6 45 -54 0.0223 0.0229 0.0148 0.0370 0.0325 0.0255 0.0202 0.0188 0.0205 0.0157 0.0172 0.0231 

7 55 - 64 0.0161 0.0218 0.0138 0.0234 0.0234 0.0179 0.0148 0.0141 0.0167 0.0145 0.0161 0.0188 

8 65 - 74 0.0219 0.0320 0.0169 0.0221 0.0255 0.0138 0.0149 0.0179 0.0156 0.0208 0.0158 0.0229 

9 75 - 84 0.0258 0.0360 0.0190 0.0207 0.0300 0.0146 0.0165 0.0157 0.0162 0.0247 0.0196 0.0277 

10 85 - 94 0.0171 0.0265 0.0224 0.0208 0.0279 0.0152 0.0150 0.0152 0.0167 0.0216 0.0201 0.0190 

11 95 - 104 0.0120 0.0187 0.0170 0.0163 0.0233 0.0126 0.0147 0.0144 0.0183 0.0222 0.0190 0.0153 

12 105 - 114 0.0130 0.0153 0.0132 0.0163 0.0163 0.0129 0.0091 0.0135 0.0158 0.0188 0.0203 0.0150 

13 115 - 124 0.0116 0.0122 0.0140 0.0148 0.0163 0.0111 0.0106 0.0123 0.0193 0.0182 0.0233 0.0142 

14 125 - 134 0.0202 0.0196 0.0209 0.0206 0.0189 0.0107 0.0122 0.0124 0.0249 0.0245 0.0353 0.0207 

15 135 - 144 0.0265 0.0194 0.0242 0.0249 0.0204 0.0156 0.0155 0.0185 0.0267 0.0344 0.0372 0.0268 

16 145 - 154 0.0329 0.0198 0.0259 0.0256 0.0235 0.0174 0.0173 0.0226 0.0319 0.0401 0.0422 0.0298 

17 155 - 164 0.0358 0.0299 0.0314 0.0303 0.0246 0.0196 0.0197 0.0263 0.0363 0.0483 0.0421 0.0351 

18 165 - 174 0.0377 0.0350 0.0287 0.0289 0.0210 0.0164 0.0169 0.0231 0.0293 0.0438 0.0471 0.0357 

19 175 - 184 0.0353 0.0287 0.0265 0.0242 0.0201 0.0157 0.0157 0.0210 0.0299 0.0359 0.0408 0.0358 

20 185 - 194 0.0485 0.0372 0.0289 0.0275 0.0219 0.0233 0.0237 0.0299 0.0390 0.0475 0.0532 0.0489 

21 195 - 204 0.0530 0.0476 0.0415 0.0311 0.0247 0.0304 0.0292 0.0351 0.0444 0.0558 0.0568 0.0543 

22 205 - 214 0.0530 0.0469 0.0438 0.0284 0.0261 0.0337 0.0372 0.0384 0.0467 0.0585 0.0503 0.0563 

23 215 - 224 0.0638 0.0546 0.0476 0.0313 0.0317 0.0485 0.0443 0.0472 0.0514 0.0687 0.0576 0.0633 

24 225 - 234 0.0729 0.0590 0.0576 0.0358 0.0344 0.0525 0.0505 0.0489 0.0522 0.0572 0.0552 0.0631 
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25 235 - 244 0.0594 0.0531 0.0644 0.0367 0.0368 0.0433 0.0458 0.0443 0.0422 0.0394 0.0397 0.0569 

26 245 - 254 0.0388 0.0348 0.0501 0.0269 0.0253 0.0349 0.0366 0.0355 0.0291 0.0279 0.0291 0.0358 

27 255 - 264 0.0338 0.0313 0.0407 0.0272 0.0210 0.0367 0.0384 0.0356 0.0301 0.0271 0.0281 0.0366 

28 265 - 274 0.0303 0.0281 0.0364 0.0235 0.0252 0.0403 0.0439 0.0349 0.0313 0.0250 0.0283 0.0327 

29 275 - 284 0.0249 0.0279 0.0328 0.0254 0.0223 0.0384 0.0376 0.0326 0.0258 0.0179 0.0233 0.0254 

30 285 - 294 0.0198 0.0223 0.0272 0.0244 0.0190 0.0326 0.0313 0.0259 0.0197 0.0127 0.0142 0.0172 

31 295 - 304 0.0173 0.0188 0.0231 0.0262 0.0200 0.0328 0.0349 0.0235 0.0173 0.0112 0.0138 0.0150 

32 305 - 314 0.0159 0.0172 0.0276 0.0270 0.0237 0.0319 0.0358 0.0292 0.0185 0.0108 0.0165 0.0141 

33 315 - 324 0.0157 0.0152 0.0220 0.0270 0.0296 0.0343 0.0392 0.0296 0.0228 0.0128 0.0121 0.0122 

34 325 - 334 0.0117 0.0125 0.0165 0.0251 0.0351 0.0309 0.0343 0.0267 0.0195 0.0114 0.0106 0.0134 

35 335 - 344 0.0099 0.0105 0.0157 0.0223 0.0288 0.0228 0.0237 0.0195 0.0156 0.0075 0.0096 0.0080 

36 345 - 354 0.0083 0.0088 0.0120 0.0238 0.0254 0.0194 0.0175 0.0159 0.0113 0.0087 0.0071 0.0076 

37 355 - 4 0.0087 0.0104 0.0114 0.0224 0.0226 0.0206 0.0144 0.0140 0.0113 0.0088 0.0069 0.0071 

 819 

* No wind or wind directions were too variable 820 

 821 

 822 

S9. Graph rainfall for the model application 823 

 824 

Fig. SI4. Rainfall (mm/d) for every time step in the model application, along with the rainfall threshold values (mm/d) for flat areas (R0-10 in Tab. SI1) computed using the runoff coefficients (Tab. SI7). 825 
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S10. Frequency distribution table rainfall 826 

Tab. SI6. Frequency distribution for 23 rainfall classes. This table has been calculated from the rainfall table named “RH, 827 

Etmaalsom van de neerslag (in 0.1 mm) (-1 voor <0.05 mm)” [5]. The rainfall table contains for each day (from 1 January 1981 up 828 

and until 31 December 2000) the total amount of rainfall (in millimetres) recorded by the Royal Netherlands Meteorological Institute 829 

(KNMI) at weather station De Bilt. The De Bilt station is located at 52.1015441 latitude and 5.1779992 longitude, the Netherlands. 830 

Each day was assigned to one of the 23 rainfall classes based on the total amount of rainfall that fell during that day. Subsequently, 831 

the frequencies for each rainfall class were computed. We did not take monthly variations into account, therefore the frequencies 832 

in the table hold for all months. The model uses the created frequency distribution table to pick a rainfall class for each time step 833 

of the model application using the NumPy function numpy.random.choice([A], p = [B]), in which A is an array filled with the numbers 834 

1 to 23, representing the 23 rainfall classes, and B is an array filled with the 23 frequency values. Finally, the Trash-Tracker 835 

randomly picks a total rainfall value that fits within the limits (second column in the table below) of the selected rainfall class. Fig. 836 

SI4 shows the rainfall values that were generated in this way for the model application presented in this study.  837 

 838 

Rainfall Class Rainfall Limits (millimetres per day) Frequency (all months) 

1 0 (no rainfall) 0.3247 

2 0.001 - 0.100 0.1771 

3 0.101 - 1.000 0.1396 

4 1.001 - 2.000 0.0758 

5 2.001 - 3.000 0.0531 

6 3.001 - 4.000 0.0393 

7 4.001 - 5.000 0.0342 

8 5.001 - 6.000 0.0256 

9 6.001 - 7.000 0.0203 

10 7.001 - 8.000 0.0179 

11 8.001 - 9.000 0.0155 

12 9.001 - 10.000 0.0134 

13 10.001 - 11.000 0.0100 

14 11.001 - 12.000 0.0086 

15 12.001 - 13.000 0.0060 

16 13.001 - 14.000 0.0055 

17 14.001 - 15.000 0.0059 

18 15.001 - 16.000 0.0045 

19 16.001 - 17.000 0.0029 

20 17.001 - 18.000 0.0033 

21 18.001 - 19.000 0.0038 

22 19.001 -20.000 0.0018 

23 > 20.000 0.0111 

 839 

 840 

S11. Table runoff coefficients 841 

Tab. SI7. Runoff Coefficients (= runoff / rainfall) used by the Trash-Tracker to convert the amount of rainfall in millimetres per day 842 

to the amount of surface runoff in millimetres per day. Values based on typical runoff coefficients reported by Goel [1] and 843 

Karamage et al. [2]. 844 

 845 

Type of land use Runoff Coefficient 

River 1.00 

Urban land 0.70 

Bare land 0.50 

Agricultural land 0.30 

Grass/Shrubland 0.20 

Forest 0.10 

 846 

 847 
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S12. Population density map for the model application 848 

 849 

Fig. SI5. Population density map of the hypothetical river basin used for the model application. Colours indicate the number of 850 

inhabitants per grid cell. 851 

 852 

 853 

S13. Threshold maps generated by model application 854 

a.  b. 

  
 855 

Fig. SI6. Wind speed (a) and surface runoff (b) threshold maps that show for each grid cell in the model domain the critical wind 856 

speed (in m/s) and surface runoff flux (mm/d) that is required to mobilise and transport plastics to a neighbouring grid cell. Wind 857 

speed thresholds for the model application were calculated using Option 1 (see section 2.5), i.e. they depend only on the type of 858 

land use (the ‘Flat terrain’ values in Tab. SI1). 859 

 860 

 861 

 862 
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