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 A B S T R A C T

Estuaries act as an interface between rivers and the sea, and therefore play a key role in transporting plastic 
to the sea. However, plastic transport in estuaries is complex and estuary-to-sea export is still very uncertain. 
This study presents a macroplastic mass-balance model that can be applied to specific estuaries, and produces 
export estimates similar to previous studies. The daily plastic export from estuary to sea during the wet season 
was estimated to be 290 kg for the Rhine–Meuse Estuary (RME), and 19,431 kg for the Saigon Estuary, 
where the discharge into the sea is 3.5 times larger for the RME, compared to the Saigon Estuary. Due to 
limited river discharge measurements for the Saigon Estuary, a yearly simulation could only be performed 
for the RME, corresponding to an export of 13,300 kg. These estimates fall within the uncertainty range of 
previous studies. Deposition and remobilization from riverbanks resulted in the largest model fluxes, with 
magnitudes of 20 t/d for the RME and 430 t/d for the Saigon Estuary. At the same time, the model is most 
sensitive to the uncertainty in parameters related to deposition. Our results demonstrate that with the right 
measurements, making reliable estimates of estuary-to-sea export is possible. However, uncertainty in plastic 
transport processes, like deposition and remobilization, leads to poorly constrained parameters and increased 
overall model uncertainty. Automated sensors, targeted field experiments, and improved model structure can 
enhance export estimates and further improve understanding of plastic dynamics in estuaries.
. Introduction

Plastic pollution in water bodies causes threats to aquatic or-
anisms and human health (Chae and An, 2017; Al-Thawadi, 2020; 
itczak et al., 2024; van Emmerik and Schwarz, 2020). Upon in-
estion, microplastics can find their way into all tissues and internal 
rgans (Witczak et al., 2024), where they can lead to metabolic, 
orphological and behavioral changes (Al-Thawadi, 2020). These mi-
roplastics (≤2.5 cm) have been degraded from macroplastic items 
≥2.5 cm), like bottles. To mitigate the effects of aquatic plastic 
ollution, it is important to start at the source, and understand how 
acroplastics move through the global water system (Yadav et al., 
025). Estuaries are among the most dynamic and complex parts of the 
ater system. Out of the 30 world’s largest cities, 21 are located next to 
stuaries (Ashworth et al., 2015). As urban areas are large entry points 
or plastic pollution, this results in an increased plastic concentration 

∗ Corresponding author.
E-mail address: tim.vanemmerik@wur.nl (T.H.M. van Emmerik).

in estuaries (Naidoo et al., 2015; Lucie et al., 2024). Anthropogenic 
pollution is difficult to predict, increasing the vulnerability of estu-
aries to its impacts. Estuaries are complex due to tidal forcing and 
freshwater–saltwater mixing, which periodically reverses flow direction 
and generates strong velocity shear and stratification (Friedrichs and 
Aubrey, 1988; Geyer and MacCready, 2013). Barotropic and baroclinic 
processes can generate plastic accumulation hotspots such as Estuarine 
Microplastic Maxima (Jalón-Rojas et al., 2024; Kaimathuruthy et al., 
2026) and estuarine fronts (Wang et al., 2022; Kaimathuruthy et al., 
2026), which promote particle trapping through convergence and 
stratification-driven dynamics.

To gain a better understanding of the behavior of plastic in rivers 
and estuaries, plastic observation techniques have been developed. 
These techniques include observation of plastic waste on riverbanks 
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during fieldwork (van Emmerik et al., 2020a), or by observing river-
bank plastic from a boat Wilhelm et al. (2022). Plastic carried by 
the river can be observed visually on top of bridges (Schreyers et al., 
2024b; van Emmerik et al., 2022), using cameras with AI (van Lieshout 
et al., 2020; Maharjan et al., 2022), using sonar (Boon et al., 2023), 
or nets to capture the plastic (Vriend et al., 2023). Moreover, flow 
paths can be captured using GPS trackers (Lotcheris et al., 2024; 
Tramoy et al., 2020). Such observations of plastic have demonstrated 
that plastic circulates in estuaries, as opposed to direct downstream 
transport towards the sea (Tramoy et al., 2020; López et al., 2021). 
The plastic is circulated by tidal dynamics (Schreyers et al., 2024b), 
wind-induced currents (Díez-Minguito et al., 2020), density-driven cir-
culation (Defontaine et al., 2020) and vertical processes such as vertical 
mixing, settling and resuspension (Kaimathuruthy et al., 2026), and 
gets trapped in vegetation or anthropogenic structures (Gallitelli et al., 
2024; Lotcheris et al., 2024). Moreover, cores of sediments in estuaries 
have shown that more recent deposited sediment layers contain an 
increasing amount of microplastics (Willis et al., 2017). This highlights 
the capability of estuaries to circulate and store plastic.

The circulation of plastic in estuaries contributes to the uncertainty 
of downstream plastic transport into the seas. To better understand 
the transport of plastic in estuaries, various modeling studies have 
been performed. These are either (1) process-based models (Cohen 
et al., 2019; Schernewski et al., 2021; Kaimathuruthy et al., 2025), 
to track plastic particle movements, or (2) mass-balance models that 
quantify import, export, and internal transport while conserving mass. 
The latter have been calculated using estuarine data averaged at a 
global scale (Biltcliff-Ward et al., 2022), or by focusing on a specific 
river section outside the estuarine zone (Schreyers et al., 2024a; Rosa 
et al., 2023). Mass-balance models for specific estuaries are already 
customary for different materials, like salt (MacCready et al., 2002), 
sediment (Maldegem et al., 1993), and nutrients (Nguyen et al., 2021), 
providing insight into transport dynamics in estuaries. Until now, an 
estuarine-specific mass-balance model for plastic transport has not been 
developed. Previous studies have shown that predicted transport of 
plastic into the seas does not match with the concentration in these 
seas (Roebroek et al., 2022). An estuarine-specific mass-balance model 
could decrease the uncertainty of estuary-to-sea transport by tracking 
plastic transport, and quantifying the amount that flows into the sea.

To increase the understanding of macroplastic (≥ 2.5 cm) transport 
from estuary to sea, we developed a tide-resolving (in contrast to 
tide-averaging) plastic mass-balance model for plastic transport, either 
floating or submerged, and retention in estuaries. The model was devel-
oped using knowledge from existing mass balances, estuarine-specific 
plastic measurements, and literature. The estuary is represented as a 
box, which includes storage terms, connected with fluxes representing 
the sources, sinks and pathways of plastic in an estuary. To make the 
model tide-resolving, we investigated the tide-related temporal patterns 
of plastic transport in the estuaries. The model is transferable and 
can be applied to any estuary, as long as river discharge and plastic 
transport data are available. In this study, we applied the model to 
two case studies: the Rhine–Meuse Estuary (RME) and the Saigon 
Estuary. With our paper we aim to develop and apply a transferable, 
tide-resolving mass-balance model to quantify macroplastic transport, 
retention, and export from estuaries to the sea.

2. Methods

2.1. Rhine-Meuse and Saigon field sites

2.1.1. Rhine-Meuse Estuary
The Rhine–Meuse Estuary (RME) is located in the West of the 

Netherlands, and is fed by the Meuse river and tributaries of the Rhine, 
namely the Lek and the Waal. The Meuse, Lek, and Waal rivers account 
for 14%, 16% and 70% of the river discharge, respectively (Schreyers 
et al., 2024a). The estuary has an open connection into the North 
2 
Sea via the Nieuwe Waterweg and also discharges into the North 
Sea via the Haringvliet sluices. In between these waterways, a dense 
network of distributaries can be found. The combination of upstream 
river input, incoming tidal conditions at the Nieuwe Waterweg, and 
sluice operation at the Haringvliet, results in a complex hydrodynamic 
system. The average annual discharge at the Nieuwe Waterweg is 1674 
m3/s, and the tidal range is 1.76 m (Cox et al., 2021).

Therefore, the plastic mass balance was calculated for a smaller 
section of the RME. This section consists of parts of the Nieuwe and 
Oude Maas, and the Nieuwe Waterweg, debouching into the North 
Sea (Fig.  1b). It includes important parts of the estuary, such as the 
tidal influence from the estuary mouth and discharge from upstream 
rivers. Moreover, the Nieuwe Maas flows through the city of Rotterdam. 
This is the second largest city of the Netherlands, with 670 thousand 
inhabitants in 2024 (Rotterdam, 2024). It has been shown that plastic 
is more present in waters near cities (Naidoo et al., 2015). This also 
applies to the waters near the city of Rotterdam, having the highest 
floating plastic transport rate along the Rhine river (Kuizenga et al., 
2023). The port of Rotterdam is located between the city of Rotterdam 
and the river mouth. This port is partly located at the banks of the 
study area. It is listed as number 11 of the biggest container ports in 
the world (Council, 2026), and transships 439 million tonnes of goods 
each year (Port of Rotterdam, 2025). Therefore, there is a potential 
of spillage from the port that can introduce plastic into the system. 
Overall, the study area effectively captures the variability of an urban 
estuary mouth.

2.1.2. Saigon Estuary
The Saigon–Dong Nai River estuary (from here Saigon) is located 

in the South of Vietnam (Fig.  1c). The 225 km river has its source 
in Cambodia, and drains a catchment area of 4717 km2 (Camenen 
et al., 2020). The river flows through Ho Chi Minh City (HCMC), 
where multiple canals discharge the city’s catchments into the river. 
The Saigon River flows into the Dong Nai River, which empties into 
the East Sea of Vietnam. The river is mainly driven by asymmetric 
semi-diurnal tidal flows, which makes the river even more complex. 
The discharge ranges from −2000 to 2000 m3/s, and the tidal range is 
between −2 and 1.5 m (Camenen et al., 2020).

The plastic mass-balance model was applied to the 14 km down-
stream stretch of the Saigon River, as shown in Fig.  1d. This section 
was selected based on the available measurements. The upstream river 
boundary is the Thu Thiem Bridge, and the downstream river boundary 
is the outlet into the Dong Nai River. Therefore, the model area is 
located within the HCMC boundaries. The plastic inflow from HCMC 
into the river is large, with an input of 350 to 7270 grams of plastic per 
inhabitant each year, on a population of over 8 million people (Lahens 
et al., 2018). The amount of plastic is higher than for the RME, resulting 
in the ability to test the versatility of the model.

2.2. Mass-balance data acquisition

2.2.1. Rhine-Meuse Estuary
Data for the plastic mass balance of the section of the Rhine–

Meuse Estuary (RME) were privately obtained from Rijkswaterstaat 
and Schone Rivieren. These data, combined with additional data from 
literature, are summarized in Table S1 under Rhine–Meuse Estuary 
data. The data includes modeled data of discharge and water level 
of the study area, and measurements of plastic on the riverbank, 
floating in the river, and in the water column. The plastic mass balance 
uses discharge data recorded and modeled in May 2022, which is in 
the snow-melt season of the Rhine, resulting in higher-than-average 
discharges. The first four data types in Table S1 (discharge, water 
level, and riverbank waste) contain data from the whole RME, and 
for the last two data types (floating and water column plastic) the 
locations are specified in Fig.  1b. Note that the water column plastic 
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Fig. 1. Field sites. (a) RME with respect to the Netherlands. (b) RME. Outflow through the Nieuwe Waterweg and the Haringvliet. The red ellipse shows the 
area to which the plastic mass-balance model was applied. This includes the Nieuwe Waterweg, and parts of the Nieuwe Maas and the Oude Maas. The green 
box, orange circle, and purple circle indicate measurement locations of data used. (c) Saigon Estuary with respect to the South of Vietnam (d) Saigon Estuary in 
the Southern part of HCMC, including confluence with the Dong Nai. The red ellipse shows the area to which the plastic mass-balance model was applied. The 
orange circle indicates the Thu Thiem Bridge, where all measurements have been taken.
data was measured on a moving boat, and the measurement loca-
tion is therefore an estimate. The discharge and water level data is 
modeled by Rijkswaterstaat in the modeling suite SOBEK. It simulates 
river conditions in the RME for 2534 different nodes. Discharge and 
water level data was selected from three nodes located at the model 
boundaries. Next to discharge and water level, the full dataset also 
contains salinity, water dispersion, water velocity, wind velocity, wind 
direction, and pressure difference, and is modeled for a year with 10-
minute intervals. The plastic measurements done by Rijkswaterstaat are 
part of their macroplastic monitoring strategy (Rijkswaterstaat, 2025). 
These monitoring strategies have been developed and validated since 
2021, and in 2024 the first annual measurement round was performed.

2.2.2. Saigon Estuary
Data for the plastic mass balance of the Saigon River were obtained 

from published hydrological and plastic pollution data in literature. 
These data are summarized in Table S1 under Saigon Estuary Data. The 
data types are similar to the data used for the RME plastic mass balance 
and include discharge, water level, riverbank waste, floating plastic, 
and water column plastic. Due to different measurement strategies, 
especially the frequency and duration of measurements differ. The data 
used for the model were recorded in May 2022. Since this is a wet 
month at the start of the wet season, this may potentially lead to higher 
than average water levels and flooding.

2.3. Conceptual plastic mass-balance model

Our plastic mass-balance model for estuaries is an adaptation of the 
river course model from Schreyers et al. (2024a) (Fig.  2). The adapted 
model consists of three domains: the river channel, left and right 
floodplain banks, and the area outside the river and floodplains. The 
model contains two storage terms: floodplain (𝑆fl) and river channel 
(𝑆c). The riverbanks are defined as part of the floodplains instead of 
the river channel. Plastic on riverbanks and floodplains can remain 
in place for longer periods of time, whereas plastic in river channels 
3 
has a shorter retention time due to continuous water flow. Plastic can 
enter and leave the model domain via (1) external (outside of the river 
domain) input to the channel (𝑖c), (2) external removal from the chan-
nel (𝑟c), (3) external input to the floodplain (𝑖fl), (4) external removal 
from the floodplain (𝑟fl), (5) or via transport through the upstream 
and downstream river channel (𝑃𝑐,river). Next to these terms providing 
transport between outside and inside the model domain, there is also 
a term accounting for the exchange of plastic between the two storage 
terms; 𝑒fl,c represents exchange between the floodplains and channel. 
The adapted model excludes transport of plastic between upstream and 
downstream floodplains, and the floodplain within the model, which 
is different from the model by Schreyers et al. (2024a). This was 
chosen based on the assumption that river transport is considerably 
higher than floodplain transport, especially when the length of the 
modeled river channel is long. Moreover, the adapted model also differs 
by assuming no relative transport differences between vertical water 
layers, and between the river channel and the river bed. Therefore, the 
river channel is not divided into a surface layer, suspended layer, and 
bed transport layer. These layers were not included due to insufficient 
data on plastic transport in these layers, and model simplicity.

The total storage of plastic within the model (𝑆t) is defined as the 
sum of the storage within the river channel (𝑆c) and floodplains (𝑆fl). 
Over time, the total storage changes, as its two containing storage terms 
change. This process is described in the equations below, using the 
transport terms shown in Fig.  2. 
𝛥𝑆t
𝛥𝑡

=
𝛥𝑆c
𝛥𝑡

+
𝛥𝑆fl
𝛥𝑡

(1)

𝛥𝑆c
𝛥𝑡

= 𝑃c,upstream + 𝑖c

−𝑃c,downstream − 𝑟c + 𝑒fl,c
(2)

𝛥𝑆fl
𝛥𝑡

= 𝑖fl − 𝑟fl − 𝑒fl,c (3)

Some of the transport terms are bidirectional, making it possible to 
model tidal rivers: 𝑃  and 𝑃  are positive for transport 
c,upstream c,downstream
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Fig. 2. Conceptual estuary plastic mass balance in planform view, including nomenclature on the right. 
Source: Adapted from Schreyers et al. (2024a).
in the downstream direction and negative in the upstream direction, 
and 𝑒fl,c is positive for transport from the floodplain storage to the 
channel storage. When combining Eqs.  (2) and (3) into Eq.  (1), the term 
𝑒fl,c cancel because this is an internal exchange term. This results in the 
final equation for the total storage change: 
𝛥𝑆t
𝛥𝑡

= 𝑃c,upstream + 𝑖c − 𝑃c,downstream − 𝑟c + 𝑖fl − 𝑟fl (4)

2.4. Mass-balance model implementation

The model was implemented in R and is openly available through 
van Waterschoot et al. (2025). Depending on initial conditions, model 
preferences and available data, the model calculates storage and fluxes 
for the specified time period, where initial conditions represent the 
estimated legacy plastic present in the model at the start of the sim-
ulation. The following sections will explain how the river channel 
boundary transport (Section 2.4.1), exchange between river channel 
and floodplain (Section 2.4.2), and floodplain external input and re-
moval (Section 2.4.3) have been implemented into the base model. This 
base model can be applied to any estuary as long as it has discharge, 
water level, and plastic transport measurements, such as described 
in Table S1. The model parameters chosen for the field sites in this 
study are described in Table S2. These parameters include, among 
others, initial conditions, boundary fluxes, discharge, water level, and 
river length. Moreover, Table S2 shows whether parameters need to be 
catchment-specific and if they are constants or timeseries.

Due to limited data availability for the Saigon estuary, only a 
3-day simulation period could be applied to this model. To ensure 
comparability between both study areas, the same 3-day period was 
selected for the RME simulations. All simulations started on 01-05-2022 
at 14:00. Because a more extensive dataset was available for the RME, 
an additional one-year simulation was also conducted for this estuary. 
This extended simulation was performed to assess whether differences 
existed between the results of the 3-day simulation and those of the 
one-year simulation.

2.4.1. River channel boundary transport
River channel boundary transport includes all the plastic in the river 

channels that cross the model boundaries, either floating or submerged. 
Depending on data availability, the model user has three options to 
quantify river channel boundary transport (𝑃c,river): (1) based on float-
ing plastic transport measurements, (2) based on plastic concentration 
measurements, or (3) at the downstream boundary only, where the 
boundary transport is scaled to the amount of plastic stored in the river 
channel domain. For each model boundary, only one option can be 
selected. For the RME, all three options are available, while for the 
Saigon Estuary, only the first and third options were used.
4 
Option 1 is the most direct way of quantifying the river channel 
boundary transport. Observed surface plastic transport is extrapolated 
to transport over the full water column, using a correction factor of 
1.579 (calculated from Blondel and Buschman (2022)) for both the 
RME and the Saigon model. Note that this value is based on data from 
the Rhine, and we recommend using local correction factors if data are 
available. Since such local correction factor was not available for the 
Saigon Estuary, the correction factor of 1.579 was used. Continuous 
transport data can be applied as a time series; if only daily averages 
are available, observed values are assigned to each tide in a random 
order (positive during ebb, negative during flood) to simulate transport 
variability.

Option 2 multiplies modeled or measured discharges by a concen-
tration. For the RME, depth-averaged concentrations from Blondel and 
Buschman (2022) were used. Similar to option 1, a concentration value 
is randomly selected at every turn of the tide.

Option 3 estimates river channel transport at the downstream 
boundary only. Here, plastic can leave but not re-enter the model, 
assuming immediate mixing of river plastic with the sea, and longshore 
transport away from the estuary. Transport is calculated by multiplying 
discharge by a concentration relative to the amount of river channel 
storage. This option assumes plastic takes a certain duration to travel 
through the model area. This duration is called the Transit Time, and 
is calculated as follows: 

𝑇t =
𝐿R
𝑑T

(5)

Where 𝐿R is the river length in km, and 𝑑T is the Net Daily Transport 
Distance in km/d. Therefore, the Transit Time (𝑇t) is in days.

The Net Daily Transport Distance accounts for hydrodynamic con-
trols on plastic transport. This parameter was obtained from studies 
by Duncan et al. (2020) (1.0 and 0.7 km/d), Hauk et al. (2024) (0.2 
km/d), Lotcheris et al. (2024) (2.0 km/d), and Tramoy et al. (2020) (2.3 
km/d). Since the RME is not among these studies, an estimate was made 
by using the average of the Net Daily Transport Distances, giving each 
study the same weight. This results in a Net Daily Transport Distance 
of 1.3375 km/d. This first-order approximation neglects system-specific 
hydrodynamic variability but provides a practical baseline, with as-
sociated uncertainty quantified in following analyses. The study area 
in Lotcheris et al. (2024) is the Saigon Estuary, and therefore, the value 
of 2.0 km/d was chosen for the Saigon Estuary model.

The river length is defined as the distance between the upstream 
and downstream river channel boundary. For the Saigon Estuary, this is 
14.1 km. The RME has multiple upstream river channel boundaries, so a 
weighted average length is calculated. The weighted average accounts 
for plastic transport: boundaries with higher plastic import are given 
more weight. This resulted in a river length of 27.82 km.
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Fig. 3. Exchange process between river channel, and floodplain and riverbank storage (𝑒fl,c). The vertical bins contain a certain amount of plastic indicated by 
the red area. The amount of plastic is not limited, indicated by the opening on the left side of each bin. When there is an arrow within a bin pointing to the 
right (to the river), the amount of plastic in the bin is decreasing (remobilization). When there is an arrow pointing to the left (away from the river), the amount 
of plastic in the bin is increasing (deposition). (a) shows the scenario when the water level is decreasing, indicated by the downward pointing arrow, and (b) 
shows the scenario when the water level is increasing, indicated by the upward pointing arrow.
To make 𝑇t inversely proportional to the discharge, the discharge 
values were corrected. From a one-year discharge timeseries, the me-
dian daily discharge was calculated. On a day with median discharge, 
plastic is transported across the downstream boundary at a speed that 
would empty the model storage in a time equal to the Transit Time. 
When the discharge is higher or lower, 𝑇t is respectively lower or 
higher, inversely proportional to the amount of discharge.

For the Saigon Estuary, discharge measurements from the upstream 
Thu Thiem bridge were shifted in time as an estimation of discharge 
at the downstream boundary. Assuming the tide travels as a shallow 
water wave, the temporal shift can be calculated as follows: 

𝛥𝑡 = 𝛥𝑥
𝑐

= 𝛥𝑥
√

𝑔ℎ
(6)

where 𝛥𝑡 is the time shift between high tide at both locations in s, 𝛥𝑥
is the distance between both locations in m, 𝑐 is the shallow water 
wave celerity in m/s, 𝑔 is the gravitational acceleration in m/s2 (9.81 
m/s2), and h is the water depth in m. This results in a time difference 
of 18.8 min. Since the available time series is in time steps of 5 min, 
the time series will be brought forward by 20 min.

2.4.2. Exchange between river channel and floodplain
The exchange of plastic between river channel storage and flood-

plain storage (𝑒fl,c) is guided by water level changes. Riverbank and 
floodplain plastics are stored in vertical, theoretical bins of 5 cm high 
spanning the range between the maximum and minimum recorded 
water levels in the available timeseries (Fig.  3). Plastic that is located in 
bins below the current water level is gradually released back into the 
river (3b). When the water level is decreasing, plastic from the river 
channel is deposited into the bin matching water level of that time step 
(3a). To account for the water level delay along the model domain, the 
water level in the middle of the river stretch was used. For the RME, 
this corresponds to the water level modeled at the river kilometer 1014 
of the Nieuwe Waterweg (near the Geulhaven). For the Saigon Estuary, 
the water level recorded at the Thu Thiem Bridge was advanced by 
10 min, based on the method presented in Section 2.4.1. This is half the 
delay presented in Section 2.4.1, since the distance 𝛥𝑡 to the middle of 
the river stretch is also half of the distance between the upstream and 
downstream model boundary.
5 
Whether plastic is deposited or remobilized is determined stochas-
tically. When water levels decrease, a fraction of the river channel 
plastic becomes available for the stochastic simulation. This fraction is 
determined by the deposition-fraction parameter, which was calibrated 
based on experience and subsequently treated as a source of model 
uncertainty. The parameter was set to 0.05 for the RME, and 0.08 for 
the Saigon Estuary. Each available particle is assigned a random value 
between 0 and 1. Based on Lotcheris et al. (2024), all particles with 
values ≤ 0.97 will be deposited (General Deposition Probability, 𝑝s). 
Particles with a value ≤ 0.07 are permanently deposited (Permanent 
Deposition Probability, 𝑝s,permanent). The remaining plastic is temporar-
ily deposited in the bins and becomes available for remobilization. All 
possible deposition mechanisms (e.g. lateral wind) are integrated in 
these Deposition Probabilities. For the remobilization process, the same 
procedure is followed. The Remobilization Probability, 𝑝R, is 0.17, also 
based on Lotcheris et al. (2024). Since these probabilities all apply to a 
period of 1 h, they are converted to match the model time step, using 
Eq.  (7): 

𝑝(𝛥𝑡) = 1 − exp

(

−
(

− log(1 − 𝑝(1 h))) ⋅
𝛥𝑡
60

)

(7)

Here, timestep 𝛥𝑡 is in minutes, 𝑝(1 h) gives the probability of some-
thing occurring within 1 h, and 𝑝(timestep) gives the probability of 
something occurring within the timestep. As an example, the proba-
bility of 0.17 per hour equals 0.0306 per 10 min.

2.4.3. Floodplain external input and removal
We assumed that all external input and removal occurs via the 

floodplains (𝑖fl and 𝑟fl), with no exchange between the outside river 
domain and the river channel (𝑖c = 0 and 𝑟c = 0). All external input and 
removal (different from deposition and remobilization) is assumed to 
be human-induced, i.e., littering and cleaning of plastic. External input 
is divided linearly over all bins, with no plastic in the lowest bin and 
the most plastic in the highest bin. External removal of plastic is taken 
from the bins that are above the water level.

Floodplain external input of the RME was estimated using the 
dataset by Schone Rivieren, which followed the River-OSPAR method 
(van Emmerik et al., 2020a). To estimate riverbank littering, plastic 
measurements from sites inside and upstream of the model domain 
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were compared. Plastic found at upstream sites not located near urban 
areas or public areas is assumed to be deposited by the river alone. In 
contrast, plastic found at sites within the model domain is assumed to 
be the result of river transport and littering. Subtracting the average of 
both categories, and accounting for the measurement intervals and sam-
pled riverbank lengths, results in a model-wide flux of 16.25 kg/hour 
of plastic littered on the riverbank and floodplains.

Floodplain external input of the Saigon Estuary was estimated 
from Lahens et al. (2018), which estimated a median plastic littering 
rate of 4.43 g per person per day in Ho Chi Minh City (HCMC). 
Scaling this value with the ratio of the river length within the model 
domain over the total river length within HCMC, resulted in a value of 
539.0 kg/hour.

For the RME, floodplain external removal was based on the amount 
of plastic cleaned and the interval between Schone Rivieren cleanup 
efforts, resulting in a flux of 22.7 kg/hour. For the Saigon Estuary, 
only a single study by Nguyen and Bui (2023) was available to estimate 
floodplain external removal, resulting in a low flux of 3.5 kg/hour.

2.5. Export ratio, residence time, and delivery ratio

Three metrics were used to evaluate the model: the Export Ratio, 
the Residence Time, and the Delivery Ratio. The Export Ratio indicates 
how much of the incoming plastic is eventually exported downstream 
into the sea and is calculated as follows: 

Export Ratio =

∑𝑇
𝑡=𝑡0

𝑃c,downstream(𝑡)
∑𝑇

𝑡=𝑡0
𝑃incoming(𝑡)

(8)

Where 𝑡0 is the first time step after the model spin-up period and 𝑇  is 
the final time step of the simulation.

The Residence Time indicates how long the plastic resides in the 
model area before it leaves the model via the downstream export into 
the sea and is calculated as follows: 

Residence Time =
1
𝑁

∑𝑇
𝑡=𝑡0

𝑆𝑇 (𝑡)
1
𝑁

∑𝑇
𝑡=𝑡0

𝑃c,downstream(𝑡)
(9)

Where 𝑆𝑡(𝑡) is the plastic storage at time 𝑡, and 𝑁 is the number of 
time steps in the averaging period. The result gives the Residence Time 
in time step units, which is then converted to days. The Residence 
Time should not be confused with the Transit Time mentioned in 
Section 2.4.1.

The Delivery Ratio was used to calculate the relative net transport 
of plastic across the river boundaries (Schreyers et al., 2024b), and 
quantifies the net transport relative to the total transport: 

𝑑𝑟 =

Net transported plastic (𝑉𝑛)
⏞⏞⏞
𝑉𝑒 − 𝑉𝑓
𝑉𝑒 + 𝑉𝑓
⏟⏟⏟

Total transported plastic (𝑉𝑡)

. (10)

Where 𝑉𝑒 is the total amount of plastic transported during ebb, and 𝑉𝑓
is the absolute value of the total amount of plastic transported during 
flood. Therefore, both 𝑉𝑒 and 𝑉𝑓  are positive.

2.6. Sensitivity analysis

To investigate which model parameters contribute most to model 
uncertainty, a Sobol’ analysis was performed, which is a global, var-
iance-based method. Input parameter values were sampled within their 
uncertainty ranges, and output variance is decomposed into individ-
ual parameters (first-order effects) and interactions among parameters 
(higher-order effects). For both the RME and the Saigon Estuary, the 
same parameters were evaluated: external input to floodplain stor-
age (𝑖𝑓𝑙), external removal from floodplain storage (𝑟𝑓𝑙), Net Daily 
Transport Distance (𝑑 ), deposition-fraction parameter (𝑓 ), general 
𝑇 𝐷

6 
probability of deposition (𝑝s), probability of permanent deposition 
(𝑝s,permanent) and probability of remobilization (𝑝R). The stochastic ex-
change between river channel and floodplain was replaced by fixed 
probabilities, to exclude randomness from the sensitivity analysis. A 
spin-up period was used: each parameter sample analysis was run twice 
over the same period, with the second run, used for the sensitivity 
analysis, starting from the last timestep of the first run.

The Sobol’ sensitivity analysis was performed twice with 2000 base 
samples (18,000 parameter sets). The first used benchmark values 
(Table S2), with a range of +-10% to assess sensitivity to equal relative 
change in parameter values. The second used the full uncertainty range 
of the parameter values (Table S3), providing a more practical analysis 
reflecting real uncertainty of the parameter values. Some parameter 
ranges still have the +- 10% range when derived from literature or data.

In the RME, the Net Daily Transport Distance parameter used 
literature-based ranges. The Deposition Fraction, not based on either 
literature or data, was assumed very uncertain, receiving a range of 
one order of magnitude around the benchmark parameter value. For the 
general deposition probability (𝒑s), a maximum value of 1 is chosen, 
since probabilities should not exceed 1. The external floodplain input 
(𝒊fl) for the Saigon Estuary has a wider range, due to the uncertainty 
range being reported in Lahens et al. (2018). Moreover, the external 
floodplain removal (𝒓fl) has a higher maximum range, due to likely 
underestimation caused by the lack of reports on cleaning efforts.

3. Results

This section presents the results of this study. The first three sub-
sections eventually lead to the downstream export estimates presented 
in Section 3.4.

3.1. Channel and floodplain exchange results in the highest transport rates

For both the RME and the Saigon Estuary, plastic exchange between 
channel and floodplain storage (𝑒fl-c) results in the highest flux (Fig.  4a 
and e). For the RME, 𝑒fl-c in both directions is almost 60 tonnes during 
the three-day model run, 67 times larger than the total downstream 
export, the second largest flux. Similarly, in the Saigon Estuary 𝑒fl-c
is 1300 tonnes, 22 times the total downstream export. These large 
magnitudes of 𝑒fl-c, and the large channel and floodplain storage varia-
tions result from water level changes: when the water level decreases, 
floodplain storage increases, and vice versa (Fig.  4). The minimum 
floodplain storage occurs just after the maximum water level, when 
remobilization is still higher than deposition.

Globally, estuarine sediments and floodplains contain 2 to 10 times 
more plastic than estuarine water (Biltcliff-Ward et al., 2022). More-
over, Schreyers et al. (2024a) found that 98% of river plastics is stored 
in floodplains. This could suggest high channel–floodplain exchange, 
since large amounts of plastic are available for remobilization. How-
ever, neither study quantifies this exchange; Schreyers et al. (2024b) 
identified the uncertainty in channel–floodplain exchange as a need for 
further research. The method presented here, quantifying the exchange 
using water level, and the deposition and remobilization probabili-
ties presented in Lotcheris et al. (2024), provide an appropriate first 
estimate for this uncertain transport term.

The distribution of plastic across floodplains and rivers in Fig.  4 
falls in the range presented by Biltcliff-Ward et al. (2022), although 
the permanent floodplain storage remains very low in the short three-
day simulation. A one-year simulation for the RME revealed that over 
a year, 83% of river plastic is stored in the floodplains and riverbanks 
(Figure S2 in the Appendix). This percentage is expected to increase 
towards the reported value of 98% in Schreyers et al. (2024a) when ex-
tending the model simulation to multiple years. For the Saigon Estuary, 
the percentage of plastic stored in the floodplains and riverbanks ranges 
between 60 and 92% during the three-day simulation. A long-term 
simulation was not possible due to a lack of discharge measurements.
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Fig. 4. Timeseries of a three-day model run, starting 01-05-2022 14:00. The left column shows the timeseries of the RME, and the right column the Saigon 
Estuary. Panels a and e show the flux of 𝑒fl-c, which is the exchange from floodplain to river channel. Panels (b) and (f) show the river channel boundary fluxes 
in kg/h, where Erasmus is the upstream flux at the Erasmus bridge (RME), Spijkenisse is the upstream flux at the Spijkenisser bridge (RME), and Thu Thiem is 
the upstream flux at the Thu Thiem bridge (Saigon). Panels c and g show the storage terms in tonnes. The permanent storage starts at 0 at the beginning of the 
simulation and increases over time. Panels d and h show the discharge at the downstream boundary (left axis) and the water level (right axis). In the legend of 
panels b and f, the delivery ratio (𝑑r) is given for each river channel boundary. This ratio describes the relative net plastic transport and is derived from Schreyers 
et al. (2024b).
Since the channel and floodplain exchange results in the highest 
transport rates, it is expected that almost all plastic entering the model, 
either via the upstream river or due to anthropogenic littering, is 
deposited at least once on the riverbanks before being exported. For 
the RME, deposited plastic on the riverbanks is 267 times more than 
the total incoming plastic, while for the Saigon Estuary, it is only 16 
times larger. This is in line with the study by Tramoy et al. (2020), who 
found a 100% deposit rate on tracked plastic bottles.

3.2. Higher absolute transport rates at the upstream model river boundary 
of the saigon estuary compared to the RME

The absolute and relative transport across the upstream river bound-
aries is larger for the Saigon Estuary than for the RME (Fig.  4, b and 
f). For the RME, the total storage stays fairly constant due to the 
small import at the upstream boundaries. However, Saigon Estuary 
shows clear total storage variations in line with the timescale of the 
tides because the import at the Thu Thiem Bridge is large enough to 
affect total storage. Overall, during the simulated period the net plastic 
transport at the upstream boundary in the Saigon Estuary (40,700 kg) 
is 600 times larger than the combined transport at both upstream 
boundaries in the RME (66 kg). The gross transport rates (absolute 
value of incoming and outgoing transport at the upstream boundary) is 
1200 times larger for the Saigon Estuary (163,000 kg) than for the RME 
(135 kg). However, the average total storage of the Saigon Estuary is 
only 14 times larger than the RME, indicating stronger relative storage 
variability in the Saigon Estuary.

The delivery ratio 𝑑r is 0.6 at the Erasmus Bridge and 0.45 at Spi-
jkenisse (Fig.  4b), indicating higher net transport at the Erasmus Bridge 
than at Spijkenisse. In the Saigon Estuary, the net transport is even 
lower, with a 𝑑r of 0.25 (Fig.  4f). Therefore, the downstream transport 
only slightly exceeds the upstream transport. This strong bidirectional 
transport across the boundary also contributes to the higher transport 
rates for the Saigon estuary than for the RME.
7 
We explore two hypotheses for the higher upstream transport rates 
in the Saigon Estuary: (1) higher plastic concentrations, or (2) a larger 
range in flow velocity and discharge due to higher tidal amplitude. 
Plastic item concentrations are considerably larger in the Saigon Es-
tuary (10-223#/m3; Lahens et al., 2018) than in the RME (0.29-
1.02#/m3; Blondel and Buschman, 2022). However, the total volumes 
of water transported during the three-day modeling period for both 
rivers are of a similar order of magnitude (509 million m3 for the 
Saigon Estuary and 821 million m3 for the RME). For the second cause, 
the amount of water passing the bridges during the model simulation 
can be compared. For the RME, 227 million m3 of water passes the 
Erasmusbrug, and for the Spijkenisserbrug, this is 594 million m3. For 
the Saigon Estuary, this value is 509 million m3. Therefore, values are 
around the same order of magnitude, and the higher upstream transport 
cannot be caused by the higher tidal amplitude. Therefore, the higher 
upstream transport in the Saigon Estuary can be primarily attributed to 
higher plastic concentrations.

3.3. Riverbank and floodplain plastic accumulate near the maximum water 
level limit

Fig.  5 shows the plastic distribution across the riverbank height over 
time for the RME and Saigon Estuary. Initially, plastic is evenly dis-
tributed above the initial water level. Plastic is mobilized when water 
levels increase and redeposited as water levels decrease. The amount of 
plastic deposited depends on the channel’s plastic storage. Over time, a 
pattern emerges where plastic accumulates mainly at higher elevations, 
while lower, more frequently submerged bins, contain less plastic. The 
horizontal, lighter strikes occur when the water level drops rapidly, 
limiting time for plastic to deposit. In contrast, when the water level 
remains fairly constant for a longer time, more plastic can be deposited 
(see for example around -30 cm in Fig.  5b).

The increase in plastic with riverbank height is caused by the water 
level rarely and only briefly submerging these elevations, as can be seen 
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Fig. 5. Heatmap of the riverbank plastic storage of a three-day model run, starting 01-05-2022 14:00. The left column shows the timeseries of the RME, and 
the right column the Saigon Estuary. Panels a and c show the total riverbank storage in tonnes. Panels b and d show the plastic storage per bin in kg/5 cm, for 
different heights and over time. Note that the scale of the plastic storage per bin is logarithmic. The water level is also shown by the dashed black line. The unit 
on the 𝑦-axis for panels b and d is cm above sea level, where the Amsterdam Ordnance Datum (NAP) is used for panel b.
by the higher elevations of the water level lines in Fig.  5 b and d. Plastic 
continues to accumulate due to anthropogenic littering (𝑖fl), which is 
distributed over the exposed riverbank bins. Occasional flooding causes 
brief remobilization, followed by deposition, further increasing storage 
near the highest elevations. At the end of the year, the storage is higher 
than when 𝑖fl would have been the only factor of storage increase (see 
also Figure S1, showing the seven highest riverbank storage bins during 
the one-year RME simulation). Targeting these higher elevations of 
the riverbank could therefore contribute to effectively removing plastic 
during clean-up efforts.

Our results provide new insights on the deposition along and onto 
the riverbank. Tasseron et al. (2024) investigated the distribution of 
plastic along the riverbanks, and found that 37.5% of the locations 
showed a deposition line parallel to the waterline, consistent with 
the modeled accumulation at higher elevations. The remaining sites 
showed clustered or random distributions, which cannot be seen in Fig. 
5. Similarly, Grosfeld et al. (2024) found that plastic is deposited on 
floodmarks, after which it is pushed towards the higher elevations when 
the water level rises. This is in line with what can be seen in Fig.  5. The 
difference between the process described by Grosfeld et al. (2024) and 
the movement of plastic in this study is that the plastic is not pushed, 
but remobilized and deposited at a higher elevation.

3.4. Estuary-to-sea export promoted by the parallel fluctuations of water 
level and discharge in tides

Estuary-to-sea export (Downstream Transport) varies with tide dom-
inated discharge and channel storage. The positive (downstream) dis-
charge coincides with the maxima in channel storage (Fig.  4). During 
the three-day simulations, average daily export was 290 kg for the RME 
and 19,431 kg for the Saigon Estuary, which, if extrapolated, would 
correspond to 106 tonnes/year and 7092 tonnes/year, respectively. 
When using the full-year model run presented (Figure S2), the yearly 
downstream export becomes 13.3 tonnes for the RME. This is an order 
of magnitude smaller than extrapolated from the daily transport, due 
to a higher net discharge and overestimated initial conditions for the 
three-day simulation. The Export Ratio is 3.97 for the RME and 0.73 
for the Saigon Estuary. This means that for the Saigon Estuary, an 
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amount equal to 73% of the incoming amount of plastic is exported 
during the simulation, while 27% is stored within the estuary, mostly 
on the riverbanks and floodplains. However, the RME exports a surplus 
of plastic during this period, which is 3 times as large as the incoming 
plastic. This higher export has the same cause as explained for the 
higher yearly downstream export for the three-day simulation.

Since export is the product of discharge and channel storage, 
estuary-to-sea export peaks when high water levels coincide with high 
downstream discharge (Fig.  4, b and d). In the Saigon estuary (Fig.  4, f 
and h), export occurs just after the channel storage peak. Therefore, the 
export could have been higher if the peaks in water level and discharge 
aligned more closely. However, when the discharge and water level 
are out of phase, estuary-to-sea export would be suppressed. Thus, 
the interaction between water level and discharge strongly influences 
estuary-to-sea export predictions. The location of the water level mea-
surements along the model domain also plays an important role: for 
long river stretches, the time shift between upstream and downstream 
water level peaks may be up to several hours. This can result in the 
water level being even more in phase with the discharge variation, 
resulting in higher estuary-to-sea export.

Next to the effect of synchronous water level and discharge, a 
stronger tide could also enhance export in the model, as particles 
leaving the domain are not allowed to re-enter. A larger tidal range 
increases downstream discharge at the outlet and thus plastic export. 
However, when the tidal range is larger, but does not change, it 
does not necessarily contribute to more plastic remobilization. The 
amount of plastic determines how much plastic is remobilized during 
high water levels. The amount of plastic on the riverbanks does not 
increase when the water levels have a constant larger range because 
the deposition of plastic is determined each timestep, for the bin 
at the current water level. A larger water level range would result 
in more spread out plastic and therefore not increase the amount 
of riverbank plastic and remobilization. On the contrary, when the 
tidal range increases during moments of the year, due to spring-neap 
cycles, storm surges or extreme discharge (Amaral et al., 2023), plastic 
deposited at the previous maximum water level limit will be submerged 
more often, resulting in higher plastic remobilization. So, stronger tides 
could increase export in terms of discharge, and water level. This 
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theory could be tested with two catchments that have similar plastic 
content, but stronger tides. Potentially, the downstream discharge of 
the RME could be increased, and the results compared with the original 
simulation. van Emmerik et al. (2018) used a combination of counting, 
sampling, mathematical relations with hydrology, and extrapolation to 
estimate the plastic estuary-to-sea export for the Saigon Estuary. Their 
estimate resulted in a downstream export of 7500–13,700 t/y for the 
Saigon Estuary. The export of 7092 tonnes is just short of this range, but 
definitely in the same order of magnitude. The fact that two different 
studies result in the same export estimate supports the reliability of 
these results.

For the RME, the model estimated an estuary-to-sea export of 106 
t/y. No direct estimates exist for the RME, but van Emmerik et al. 
(2022) estimated the floating plastic mass transport of the upstream 
rivers towards the river mouth. Converting surface transport to total 
water column using the conversion term of 1.579 (see Section 2.4.1) 
results in mean values of 25.3-92.8 t/y for the Rhine, and 24.2-71.8 
t/y for the Meuse, with median values of 2.1–9.9 t/y and 1.9–10.1 t/y 
respectively. Therefore, RME export from this study falls within the 
combined range of median values.

In the one-year simulation for the RME (Figure S2), the estuary-to-
sea export is much lower: 13.3 t/y, which still falls within the range 
of mean estimates of van Emmerik et al. (2022). The discrepancy 
between the three-day and one-year model simulations is caused by the 
extrapolation of the three-day model: the three-day period had a 10.5% 
higher average positive discharge than the one-year average. More-
over, an overestimation of the initial conditions can result in higher 
river channel storage, and thus higher export values, an effect that 
smoothens out over a one-year model run. Overall, the modeled export 
falls within the range of previously reported literature, supporting the 
reliability of the model.

The high export ratio values mentioned here imply that the spin-
up time for the three-day simulations is not large enough. Combined 
with an overestimation of the initial floodplain storage, this results in 
an imbalance in short simulations. For the one-year simulation (Figure 
S2), the Export Ratio is 0.51, indicating that the model has stabilized 
and is not exporting more plastic than it is receiving. Comparing total 
estuary-to-sea export to annual deposition on riverbanks and flood-
plains (including repeated deposition due to remobilization), the export 
is 12500 times smaller than the total magnitude of the deposition flux. 
This supports the findings in Section 2.4.2, confirming that deposition 
and remobilization play a big role in determining plastic export in 
estuaries.

3.5. Deposition fraction and general deposition probability cause the highest 
model uncertainty

Fig.  6 shows the results of the Sobol’ sensitivity analysis for both 
the 10 percent and full uncertainty parameter range (see Section 2.6). 
The Sobol’ sensitivity index values should range between 0 and 1, and 
the total-order value of a certain parameter should be higher than or 
equal to the first-order value, since the total-order value also adds 
the interactions with other input parameters. Only when there is no 
interaction with other parameters, both values are equal.

Figs.  6a and b show some confidence intervals are larger than 1, 
or smaller than 0. This behavior can have multiple causes: (1) the 
relation between input and output is noisy, (2) underestimation of 
the total output variance, or (3) strong parameter interactions, result-
ing in overlapping contributions. Additionally, the sensitivity of the 
Deposition Fraction (𝑓D) on the Export Ratio parameter uncertainty 
for the RME shows a lower value for the total-order index than for 
the first-order index. This also occurs for the sensitivity of General 
Deposition Probability (𝑝s) on the Residence Time 10% range for the 
RME. However, since the confidence intervals are large, it is still 
possible that the total-order index is higher than the first-order index.
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For the 10 percent parameter range, the model is most sensitive 
to the General Deposition Probability 𝑝s (Fig.  6a and b). For both the 
Export Ratio and the Residence Time, in both estuaries, the Sobol’ index 
value is the highest; 𝑝s also shows the largest confidence interval. This 
indicates that a change in the parameter did not always result in the 
same change in model outcome. Even its minimum value of the first-
order index is higher than any of the maximum first-order index values 
of other parameters. In contrast, the external removal from floodplain 
storage (𝑟𝑓𝑙) and probability of permanent deposition (𝑝s,permanent) have 
negligible effect in all simulations, while the remaining parameters 
show little sensitivity and little difference between the estuaries and 
model outputs.

When looking at the full uncertainty ranges, different parameters 
cause the highest model uncertainty (Fig.  6c and d). For the Export 
Ratio, 𝑓𝐷 has the highest index values, for both the RME and the Saigon 
Estuary. For the RME, the Net Daily Transport Distance (𝑑𝑇 ) is also 
higher than the other parameters. For the Saigon Estuary, this is the 
case for external input to floodplain storage (𝑖𝑓𝑙), especially the total-
order index values are higher. For the Residence Time, the Deposition 
Fraction still shows high index values for both the RME and Saigon 
Estuary, except for the first-order value of the RME. For the RME, 
the Net Daily Transport Distance index value and 𝑝s also show higher 
values than the rest. For the Saigon Estuary, this is only the case for 𝑝s. 
The remaining parameters show no sensitivity.

The high sensitivity to the General Deposition Probability (𝑝s) could 
be explained by the high channel–floodplain exchange rates. The de-
position probability directly impacts the plastic deposition, and thus 
indirectly the remobilization. Therefore, 𝑝𝑠,𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 and 𝑝𝑅 are depen-
dent on the general amount of plastic deposited 𝑝s, and show lower 
sensitivities. A high sensitivity to the Deposition Fraction (𝑓𝐷) would 
be expected, since this parameter determines deposition together with 
𝑝s. However, this is not the case, indicating a higher sensitivity to the 
probability of deposition, then to the amount of plastic selected for the 
probability calculation. Since 𝑓𝐷 has never been estimated before, it 
received a high parameter uncertainty range (Table S3), resulting in a 
high sensitivity to this parameter (Fig.  6c and d).

The Net Daily Transport Distance (𝑑𝑇 ) for the Saigon Estuary has 
been estimated (Duncan et al., 2020; Hauk et al., 2024; Lotcheris 
et al., 2024; Tramoy et al., 2020), and therefore the parameter uncer-
tainty range was only 10%. However, 𝑑𝑇  was never estimated for the 
RME. Therefore, the uncertainty range was set to the range found in 
other estuaries, as described in Section 2.4.1. This results in a larger 
sensitivity for the RME compared to the Saigon Estuary. Since the 
calculation of the Residence Time is more directly related to the amount 
of plastic leaving the model (𝑆𝑇  and 𝑃c,downstream) than the Export Ratio 
(𝑃c,downstream and 𝑃incoming), the sensitivity is higher for the Residence 
Time.

𝑖𝑓𝑙 shows higher index values for the Saigon Estuary than for the 
RME (Fig.  6c). This is due to the larger parameter uncertainty for 
the Saigon Estuary compared to the RME. For the RME, the range 
is 10%, but for the Saigon Estuary it ranges from −78% to +349%, 
as taken from Lahens et al. (2018). Moreover, the total-order index 
value is higher, indicating that 𝑖𝑓𝑙 especially influences the output in 
combination with other parameters. In contrast to the Export Ratio, 
the Residence Time is not sensitive to the range of 𝑖𝑓𝑙. This can be 
explained by the direct influence on the number of plastic inflow into 
the model, which is used in the calculation for the Export Ratio, but not 
for the Residence Time. The reverse can be said for 𝑝s when comparing 
between Fig.  6(c) and (d). This parameter does not influence inflow 
or outflow directly, but it does impact the total storage by depositing 
more or less plastic on the riverbanks.

4. Discussion

4.1. Exchange between river channel and floodplain

The method to simulate deposition and remobilization used in this 
paper is not completely in line with the results in literature. Grosfeld 
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Fig. 6. Sobol’ sensitivity indices. The top row shows the results with a parameter range of +−10%, where (a) shows the parameter effect on the Export Ratio, and 
(b) shows the parameter effect on the Residence Time. The bottom row shows the results according to the parameter uncertainty, where (c) shows the parameter 
effect on the Export Ratio, and (d) shows the parameter effect on the Residence Time. First-order and Total-order indices are shown for both the RME and the 
Saigon Estuary.
et al. (2024) concluded that remobilization occurs during water level 
rise, but also increases when the water rises faster. In our model, re-
mobilization occurs per timestep when the riverbank is flooded. When 
a higher portion of the riverbank is flooded, remobilization is higher 
due to remobilization occurring in more bins. Moreover, Climo et al. 
(2022) found that waves induced by inland navigation significantly 
increase remobilization of riverbank plastic. Such inland navigation 
induced waves were not included in the model. Besides remobiliza-
tion, Grosfeld et al. (2024) found that the deposition rate is almost 
constant. In the model, deposition only occurs during a decrease in 
water level. Therefore, we recommend future model adaptations to 
better represent the results of literature. Moreover, the current model 
only used deposition and remobilization probabilities from the GPS-
tracker study by Lotcheris et al. (2024). To improve, outcomes of 
different GPS-tracker studies (Tramoy et al., 2020; Ledieu et al., 2022) 
can be used to potentially disconnect deposition and remobilization 
from water level variation, and base it solely on observations. However, 
experimenting with the coupling between water level variation and 
floodplain deposition and remobilization also resulted in useful results. 
In the end, both the results of this study and the study by Grosfeld et al. 
(2024) show the accumulation of plastic at higher elevations.

To further improve the representation of the plastic exchange be-
tween river channel and floodplain, we recommend decreasing the 
uncertainty of parameters related to this exchange, as described in 
Section 3.5. Those parameters are General Deposition Probability (𝑃𝑠), 
the Net Daily Transport Distance (𝑑𝑇 ), and the Deposition Fraction 
(𝑓𝐷). All these parameters are related, since they describe the deposi-
tion and remobilization process of plastic. For the Saigon Estuary, the 
uncertainty of the parameters was lower, since there have already been 
studies to estimate their processes. These studies can also be applied 
to the RME. For example, GPS trackers or Lagrangian models can be 
used to follow the plastic trajectories. Lagrangian models, similar to the 
on presented in Queiroz et al. (2026), have not been applied to both 
the RME and Saigon yet. GPS experiments were already performed for 
the Ganges (Duncan et al., 2020), the Seine (Tramoy et al., 2020), and 
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the Saigon, similar to this study (Lotcheris et al., 2024). Since these 
studies did not focus on the most downstream area of the estuaries, 
such experiments at the downstream end of the RME could result in 
new findings regarding plastic movement near the outlet to sea, and 
potentially into the sea. Regarding the model, such an experiment could 
help with increasing the accuracy of 𝑑𝑇  by following the trajectories of 
the plastic. Moreover, the estimates of 𝑃𝑠 and 𝑓𝐷 could also benefit 
from such a study, since the probability and frequency of deposition 
can be calculated, which are both related to these parameters. Another 
example could be to distribute plastic items across the riverbank at 
different heights (preferably items that were already located on the 
riverbank by deposition), and observe whether they remobilize upon 
a change of water level. A similar study was performed by Climo et al. 
(2022) to capture the impact of waves from inland navigation on the 
remobilization of plastic. These waves cause changes in the riverbank 
water level, similar to the change in water level due to tides. Finally, 
deposition and remobilization could be studied using a physical scale 
model in a laboratory. This would include modeling an estuary, and 
simulating plastic transport in a controlled environment. Such scale 
studies have already been performed for other purposes. Osei-Twumasi 
et al. (2014) modeled a complete estuary to study hydrodynamic and 
solute transport processes, and De Ruijsscher (2016) constructed a scale 
model of a river channel to study the effect of longitudinal training 
dams. Even though the transport mechanics in such a model study 
might be different than in a large estuary, it could be valuable for 
hypothesis generation for other studies.

4.2. Large model area

The model has a large model area, with just one box for the river 
channel storage and one for the floodplain storage. This means that 
long river channel stretches of the model area (31 km in the RME 
and 14 km in the Saigon Estuary) are treated as spatially uniform. 
This overlooks the different rates of plastic transport and storage along 
the estuary. Additionally, the amount of plastic leaving the estuary is 
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calculated using the Net Daily Transport Distance and the river length 
(Eq.  (5)). However, plastic is circulated in estuaries (Schreyers et al., 
2024b; Díez-Minguito et al., 2020) and their storage may be greater 
either within the main estuary or in upstream river sections depending 
on the specific hydrodynamic characteristics of the system, while also 
varying with external forcing. For example, in the Gironde estuary, 
plastic accumulates in the tidal rivers during dry periods while they are 
pushed downstream in wet periods (Kaimathuruthy et al., 2026). This 
indicates that the Net Daily Transport Distance decreases towards the 
downstream river boundary, closer to the sea. Therefore, the current 
approach may overestimate the plastic outflow. Moreover, due to the 
large model area, there is no delay between remobilization, reaching 
the downstream model boundary, and the resulting export. This also 
supports overestimation of plastic outflow. We recommend improving 
the model by dividing the estuary into multiple boxes. For our plastic 
mass-balance model, the transport between boxes could be calculated 
based on discharge and concentration of the boxes, while the plastic 
outflow could be determined using the Net Daily Transport Distance 
specific to the most downstream section. This would then result in a 
more accurate representation of the plastic export to sea, and prevent 
the model from immediately exporting plastic that has just come in 
from the far upstream model boundary. Moreover, when multiple boxes 
are used, the size of the study area can be increased to include the full 
estuary. This allows for better comparison between estuaries.

4.3. Application of data to the model

The data that needs to be supplied to the model is very specific. 
As a minimum, discharge, water level, and either plastic transport 
measurement from bridges or plastic concentration are needed to run 
a simulation. Moreover, this data should be continuous and with the 
same measurement interval. Some of the data encountered in this 
study are measured during a small part of the day, like data from van 
Emmerik et al. (2019, 2022), and bridge plastic transport measure-
ments from Rijkswaterstaat. To simulate a period using daily averaged 
data, observed fluxes were assigned in a random order. However, this 
randomization results in changing boundary fluxes between simulations 
and affects the calculation of the delivery ratio, which introduces addi-
tional uncertainty. Moreover, there is often a lack of discharge data. For 
the RME, modeled data were available for the whole study area, which 
provided the opportunity to select appropriate river model boundaries. 
However, for the Saigon Estuary, only a single continuous discharge 
dataset was available for the selected upstream river boundary. To 
apply discharge data at the downstream river boundary, the data were 
then shifted in time to account for the tidal delay, adding uncertainty to 
the simulation. Numerical hydrodynamic or particle-transport models 
may also help optimize the simulations in other ways, for example by 
guiding a more physically consistent temporal distribution of boundary 
fluxes.

In an ideal world, there would be data for all estuaries, and all data 
would be formatted the same way. To get as close as possible to this 
ideal situation, we recommend measurement procedures and the re-
sulting data file formatting to be standardized. Standardization already 
occurs for riverbank measurements following the OSPAR protocol (van 
Emmerik et al., 2020a). However, the resulting data is not always 
formatted similarly, resulting in different dataset structures. This leads 
to difficulties in comparing data and applying data to analyses. There 
are examples of existing efforts to make standardized data reporting 
formats. An example is the FAIR principle to publish Earth and environ-
mental science data (Crystal-Ornelas et al., 2022). This principle aims 
to make data more accessible and reusable by providing guidelines that 
communities can use to create new data formats. Moreover, there are 
existing software modules that can help with assigning metadata and 
the creation of datasets, to comply with data standards (Jones et al., 
2023). Potentially, these principles and tools can be applied to report 
plastic measurements in hydrology.
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4.4. Sensitivity analysis

The Sobol’ sensitivity analysis revealed some unusual values for 
the calculated indices. This includes wide confidence intervals, in-
dices greater than 1, and parameters where first-order indices were 
smaller than total-order indices. This suggests strong interactions be-
tween parameters or structural noise and instability in the model. To 
improve the reliability of the sensitivity analysis, we recommend the 
model equations to be revised to reduce noise, the number of model 
evaluations to be increased to narrow confidence intervals, and alter-
native sensitivity methods to be explored aiming to be less sensitive 
to model nonlinearity and interactions. To reduce noise, a method 
by Prikhodko and Kotlyarov (2018) could be used that performs noise 
correction to improve Sobol’ index estimation. Moreover, the Sobol’ 
analysis could be used to further test parameter interactions. There 
is a constant feedback loop between the amount of plastic deposited 
and remobilized. Therefore, especially the parameters that are involved 
in this process are expected to show strong parameter interactions. 
The strongest parameter interactions are expected for the deposition-
fraction parameter (𝑓𝐷) and the general probability of deposition (𝑝s), 
since these are multiplied to calculate the deposition.

4.5. Future measurement recommendations

We recommend further observations to focus on quantifying the 
effect of tidal range on the net plastic transport and delivery ratio. 
This allows to compare average behavior of rivers with varying mean 
tidal range, to better understand where around the world plastic is most 
likely to be exported into the ocean. Furthermore, this sheds light on 
the temporal variation of net transport for specific rivers and whether 
tidal range promotes or attenuates plastic export into the sea.

The amount of external input of plastic on the riverbanks was 
calculated using observations of the increase in riverbank plastic after 
each measurement and cleaning event of Schone Rivieren. Most of 
the time, months passed between two of these measurements, during 
which the hydrologic conditions can impact the amount of plastic 
on the riverbanks. Especially in urban environments, it is unknown 
which plastic has an anthropogenic origin and which is deposited. To 
better determine external input of plastic, the method used by Grosfeld 
et al. (2024) can be used to observe the change in plastic on an 
urban riverbank over time. The riverbank should be observed with a 
time interval of at most a day, to remove the impact of tidal water 
level change. In combination with water level data, this may also give 
a better understanding of the deposition and remobilization process. 
Moreover, disintegration of plastic, something that was not included in 
this study, could be quantified using this measurement strategy.

Besides focusing on the most sensitive parameters, increasing the 
general data availability in estuaries could result in longer model 
simulations. The available plastic transport measurements from bridges 
only covered a few days, for both the RME (Vriend et al., 2020) and 
the Saigon Estuary (Schreyers et al., 2024b). Therefore, for the Saigon 
Estuary, only 3 days could be simulated. For the RME, the lack of data 
meant that the average concentration in combination with discharge 
had to be used. To increase the observations of floating plastic across 
bridges, cameras could be used to observe the river and plastic flow 
during daylight. Afterwards, the images can be evaluated using a deep 
learning algorithm to count the plastic and calculate the transport rate. 
A similar method was used by van Emmerik et al. (2025), who used 
this method to quantify the relation between water hyacinth coverage 
and plastic concentration. Moreover, van Lieshout et al. (2020) used a 
similar technique, which is expected to be more reliable than human 
monitoring. Therefore, they have already shown that using cameras 
to detect plastic is possible, and with the constant improvement of 
technology, future measurement campaigns using cameras could be 
able to consistently measure plastic transport during daylight. Besides 
using cameras to measure floating plastic, suspended macroplastic can 
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be detected using the echo from an Acoustic Doppler Current Profiler 
(ADCP). This has been demonstrated by Boon et al. (2023), who 
showed that when the ADCP data is calibrated, plastic transport can be 
estimated in the correct order of magnitude. However, more research 
(e.g. on the echo of items and the sensitivity of the calibration) is 
needed to produce continuous suspended plastic transport data.

Previous work has demonstrated that vegetation and artificial struc-
tures can effectively trap plastics in rivers and estuaries. Examples 
include the trapping of plastics in floating vegetation and mangroves
(Lotcheris et al., 2024; Hauk et al., 2026), the retention of plastics 
on floodplain vegetation and structures after floods (Vriend et al., 
2020), and collection by clean-up technology . Their impact on the 
estuarine plastic mass balance remains unclear, and were therefore rec-
ommend future measurement efforts to also quantify plastic retention 
and remobilization in vegetation and artificial structures.

Lastly, an important assumption of the model is the unidirectional 
transport at the downstream boundary. Plastic can only leave the model 
here, and not enter, due to the assumption described in Section 2.4.1. 
However, investigating this could provide important insights into es-
tuarine plastic transport. This could be done by using nets to capture 
plastic, as was already performed by Blondel and Buschman (2022) 
and Vriend et al. (2023). When applying this method at the boundary 
between the estuary and the sea, the assumption of unidirectional 
transport at the downstream boundary could be tested. To assess the 
unidirectional transport in future model development, an additional 
near-shore storage box could be added. This box could serve as a short-
term memory for plastic export, being able to reintroduce exported 
plastic from the sea during flood tide.

5. Conclusion

This study developed the first plastic mass-balance model that can 
be applied to tidal estuaries. The resulting model opens new per-
spectives to understand the physical processes ongoing in estuarine 
systems by coupling stochastic plastic deposition and remobilization 
processes with a simple tide drive hydrodynamic model. The model was 
successfully applied to the Rhine–Meuse Estuary (RME) and the Saigon 
Estuary.

Model development demonstrated that the main plastic fluxes, such 
as riverbank-to-channel exchange, upstream plastic river transport, and 
external fluxes, can be estimated using field measurements, literature-
based parameters, and simplification of processes, such as the exchange 
between river channel and floodplain (Section 2.4.2). Moreover, an 
estimate of estuary-to-sea export can already be made using only 
discharge, water level, and plastic concentration measurements.

Absolute plastic river transport (in both upstream and downstream 
directions) at the upstream model river boundary is much higher for 
the Saigon Estuary than for the RME. The magnitude of the combined 
transport rates in both directions is 1200 times larger for the Saigon 
Estuary than for the RME. This difference is mostly caused by higher 
plastic concentration in the Saigon River. However, the relative net 
transport is lower for the Saigon Estuary, with a delivery ratio of 0.25, 
where this is 0.6 and 0.45 for the Erasmusbrug and Spijkenisserbrug, 
respectively, indicating less effective transport for the Saigon Estuary. 
This shows that there can be large differences in transport dynamics in 
the upstream parts of estuaries, and research is needed to further study 
its impact on plastic storage and export.

The model analysis of the RME and Saigon Estuary revealed a 
unique connection between discharge and water level that has never 
been found before. The timing between discharge and water level has 
proven to be an important factor in the amount of plastic exported 
to the sea. Under normal conditions, the tides promote the export 
of plastic to the sea. When maxima in water level and discharge 
coincide, more plastic is remobilized and available in the channel, and 
eventually exported to the sea. The reverse is true when minima in 
water level coincide with maxima in discharge. Therefore, the location 
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of measurements for the model should be carefully selected to avoid 
impact on the model results, due to the lag time experienced because of 
tides. Further research could indicate whether this also occurs in other 
estuaries. This finding could improve estimations of plastic export from 
estuary to sea.

The estuary-to-sea plastic export was estimated to be 19,431 kg/d 
for the Saigon Estuary. For the RME, the export was estimated to be 
290 kg/d based on the three-day simulation, and 13.3 t/y based on 
the non-extrapolated one-year simulation. The export estimates for the 
RME fall within the uncertainty range of previous estimates. For the 
Saigon Estuary, estimates from previous studies do not exist. Since the 
export estimates are in line with previous studies, applying the mass-
balance model to estuaries that already have estimates of export could 
further test the versatility and accuracy of the model.

Model simulations confirm that most of the plastic is stored in 
the floodplains and on the riverbanks, with 83% of the plastic in the 
RME stored there after one year. Besides, deposition and remobilization 
resulted in the largest model fluxes, with magnitudes of 20 t/d for 
the RME and 430 t/d for the Saigon Estuary. Over time, deposited 
plastic accumulates near the maximum water levels of the tides. These 
maximum water levels are determined by the maximums reported in 
the water level data. Since the data length is one year, the return period 
of the maximums should be one year, or shorter when this level is 
reached more often. The amount of plastic on the riverbanks decreases 
when getting closer to the river (towards lower elevations of the 
riverbank). Previous studies found a similar trend for non-tidal rivers, 
but there, the plastic is pushed towards the higher elevations when 
the water level rises, instead of constant remobilization and deposition. 
These results indicate that plastic deposition and remobilization play a 
very important role in estuaries.

A similar conclusion was found from the sensitivity analysis. Per 
percentage change of the parameters, the model is most sensitive to 
the General Deposition Probability (𝑝s). When taking into account the 
uncertainty of the estimated parameters, the Deposition Fraction (𝑓𝐷) 
causes the highest uncertainty for the Export Ratio, while a combina-
tion of 𝑓𝐷, 𝑝s, and the Net Daily Transport Distance (𝑑T) cause the 
highest uncertainty for the Residence Time. Together with the findings 
from the previous paragraph, and because its current understanding is 
low, deposition and remobilization would be one of the most important 
topics to study to increase understanding of plastic in estuaries. This 
would result in more accurate predictions and a more reliable model.

Concluding, this study presents a novel mass-balance model that 
can be applied to any estuary to better understand plastic dynamics, 
as long as the required data is available (Table S2). The model is 
able to produce reliable estuary-to-sea plastic export estimates that 
are in line with previous studies. Looking forward, the model and its 
predicting ability can be strengthened through long-term measurement 
campaigns using automated sensors, specific field experiments, and 
the development of multi-box model frameworks to improve spatial 
accuracy. By continuously narrowing knowledge gaps, uncertainty in 
plastic budgets and exports can be reduced, aiding strategies that aim 
to decrease plastic pollution in the environment.
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