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Abstract.

This study investigates the sensitivity of undrogued drifter trajectory simulations in the Macaronesia region, selected for
their similarity to the behavior of marine litter transport in the upper ocean. The research evaluates the influence of various
physical processes, including advection schemes, horizontal dispersion, windage and Stokes drift. A total of 320 simulations
were conducted, incorporating different combinations of these processes, the modeled trajectories were compared with real
drifter data. The analysis demonstrated that the inclusion of windage and/or Stokes drift significantly improved the
agreement between modeled and observed trajectories, particularly when windage factors (WDF) ranged from 2.5% to 5%.
Horizontal dispersion exhibited minimal influence on the trajectories, indicating that turbulent diffusion had a limited effect
under the study conditions. While both advection schemes (RK2 and RK4) produced comparable results, RK4 outperformed
RK2 in scenarios involving pronounced mesoscale activity. This research highlights the relevance of using undrogued
drifters to mimic marine litter transport and underscores the importance of incorporating windage and/or Stokes drift in

trajectory simulations, particularly in regions like Macaronesia, where mesoscale processes play a critical role.

1 Introduction

Marine pollution by microplastics is arguably one of the most pressing environmental challenges of our time. Addressing

this issue requires a multidisciplinary approach that integrates a physical, chemical, and biological perspectives along with
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economic, social, and political dimensions (McGlade et al., 2021). The perspective of physical oceanography plays a key
role in uncovering the pathways of marine pollutants, identifying their accumulation zones, and determining their residence
times. This information is critical not only for understanding the impact on marine ecosystems but also for providing
essential tools to manage environmental crises in real time.

Once the marine litter enters the environment, reliable tools for effectively tracking its movement remain lacking. Instead,
its behavior can be simulated by deploying virtual particles that mimic the dynamics of actual marine litter under specific
environmental conditions (Castro-Rosero et al., 2023; Declerck et al., 2019; Jalon-Rojas et al., 2019). Such Lagrangian
simulations typically require the inclusion of several parameters and complex equations that account for the major physical
processes governing ocean dynamics. A common approach to evaluate the significance of these parameters or processes is
sensitivity analysis, which provides insights into how variations in inputs x=(x;,x2,...,x,) affect the output y. Inputs may
include ocean currents, wind stress, number of particles, grid resolution, dispersion and drag coefficients, among others,
while y might represent the position of the particles at a specific location and time or the length of the impacted shoreline.
Both inputs and outputs depend on the specific study being conducted and the framework used to calculate the trajectories,
such as TrackMPD (Jalén-Rojas et al., 2019), OceanParcels (Lange and Sebille, 2017), PaTATO (Fred;j et al., 2016) or
OpenDirift (Dagestad et al., 2018), among others.

Here, we present a sensitivity analysis in the Canary Current System, comparing simulated trajectories with observed
surface drifter trajectories to identify the optimal parameter values that best capture the physical processes governing the
marine pollution transport in the region.

The circulation pattern in this system is predominantly influenced by the general circulation of the North Atlantic
subtropical gyre, particularly its eastern branch, the Canary Current. This equatorward flow interacts with coastal upwelling
waters and geographical structures such as the Canary Islands archipelago. The Canary Current exhibits strong seasonality,
intensifying during spring and summer before shifting offshore in fall (Machin et al., 2006; Mason et al., 2011; Pérez-
Hernandez et al., 2013; Stramma and Siedler, 1988).

Additionally, an equatorward coastal upwelling jet, known as the Canary Upwelling Current, originates north of Cape Ghir
(Pelegri et al., 2006). This current intensifies during spring (Machin and Pelegri, 2006) and flows along the coast during
spring and summer, driven by the seasonal variability of the prevailing winds (Cropper et al., 2014; Pelegri et al., 2005)

The presence of the Canary Archipelago, which interrupts the main flow of the Canary Current generates significant
mesoscale activity. This includes vortex streets downstream of the islands, creating a consistent pathway for eddies, known
as the Canary Eddy Corridor (Sangra et al., 2009). Numerous upwelling filaments are also present, some of which are quasi-
permanent features (Aristegui et al., 1997; Barton et al., 1998).

Reversals in the main flow have been observed near the Canary-Coastal Transition Zone during late autumn and winter
(Navarro-Pérez and Barton, 2001). These flow changes are likely caused by a weakening of the trade winds south of Cape
Ghir (Pelegri et al., 2005), which allows the development of a northward flow between Cape Blanc and Cape Juby
(Hernandez-Guerra et al., 2002; Machin and Pelegri, 2009). In addition, the interaction of the trade winds with the islands
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diverts airflow to the flanks, creating warm wakes and altering surface circulation in the lee regions (Barton et al., 2000;
Basterretxea et al., 2002; Hernandez Guerra, 1990).

Regarding wind patterns, the region between 20° and 30°N experiences year-round upwelling-favorable wind stress along
the northwest African coast (Bakun and Nelson, 1991). Furthermore, the Canary Islands region (28°-29°N) is periodically
affected by intermittent pulses of dust clouds from North Africa, known as calima, which peak mainly in winter and
summer/autumn (Torres-Padrén et al., 2002).

The objectives of this research are to investigate the influence of multiple oceanographic and meteorological processes,
such as wind forcing and Stokes drift, on the trajectories of surface drifters in the Canary Current System. This is achieved
by comparing observed trajectories with those modeled trajectories using TrackMPD. By conducting a sensitivity analysis,
we aim to identify the optimal parameter values for the most accurate trajectory modeling. This approach not only clarifies
the role of each process but also addresses challenges in parameter estimation, ultimately enhancing the replication of

pollutant transport dynamics in the region.

2 Material and Methods
2.1 Drifters data

We utilized satellite-tracked drifters from the hourly drifter data provided by the Global Drifter Program (GDP) (Elipot et al.,
2016, 2022). These buoys, with a half-life of 1.5 to 2 years, employ Iridium SBD telemetry and are equipped with a 6-meter
Holey sock drogue centered at 15 meters depth. The drifters are constructed using two hemispheres of acrylonitrile butadiene
styrene (ABS), forming a spherical float. Additionally, they are fitted with strain gauges to detect whether the drogue
remains attached. Detailed specifications for each selected drifter are provided in Table 1.

Table 1. Specifications of selected drifters. ID: GDP identification number; WMO: World Meteorological Organization identifier;
SVPB: Surface Velocity Program Barometer; SVP: Surface Velocity Program.

rie - D Experiment Buoy Diameter N Manufacture

Number | Type (cm) Year
TR1 | 300234065704790 4101609 21321 SVPB | 355 PacificGyre 2016
TR2 | 300234065749810 4101717 21321 SVPB 40 MetOcean 2016
TR3 | 300234066214360 6203843 21421 SVPB | 355 Pacific Gyre 2020
TR4 | 300234066797700 4401580 2222 SVPB 40 MetOcean 2019
TRS5 | 300234066892260 6203634 2222 SVPB 40 MetOcean 2019
TR6 | 300234067973120 16203776 21321 SVPB | 355 Pacific Gyre 2020
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Experiment Buoy Diameter Manufacture
Name ID WMO Manufacturer
Number @ Type (cm) Year
TR7 | 300234068245900 6203597 21312 SVPp 38.1 SIO 2019
TR8 | 300534060651930 | 4402660 21312 SVPB 39 DBi 2020
TRY9 | 300534061170370 | 6204561 2222 SVPB 40 NKE 2020
TR10  300534061655130 1301717 21421 SVPB 355 Pacific Gyre 2020

We selected drifters with trajectories passing near the Canary Islands and Madeira archipelagos, within a latitude range of
27°N to 34°N and a longitude range of 19°W to 8°W, over the temporal domain off 2021 to 2022. The data were further
filtered to include only trajectories where the drogue had already been lost, ensuring proper consideration of windage effects
(Briigge and Dengg, 1991; Pazan, 1996). From this dataset, we identified 10 trajectories (7R;), to capture a variety of
physical processes that could either hinder or facilitate the trajectory computation (Figure 1). To assist in the selection, we
computed key trajectory characteristics such as duration, effective distance, track stability (the ratio of effective distance to

total distance), and others (Table 2).

34°N

T
km

N
A

32°N

Latitude

30°N

28°N

d
18°W 15°W 12°W 9°W
Longitude
o |Initial position TR3 (ID:300234066214360) TR7 (1D:300234068245900)
O Final position ——TR4 (ID:300234066797700) —— TR8 (ID:300534060651930)
——TR1 (1D:300234065704790) —— TR5 (ID:300234066892260) —— TR (ID:300534061170370)
—— TR2 (1D:300234065749810) —— TR (ID:300234067973120) TR10 (ID:300534061655130)

Figure 1. Trajectories of the selected undrogued drifters (7R) used in the sensitivity analysis.
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100  Table 2. Characteristics of the selected drifters’ trajectories (TR)

Trajectory Effective Mean
Drogue In Domain | In Domain Distance Track
Name duration Distance Velocity
Lost Date | First Date = Last Date (km) Stability

(Days) (km) (m/s)

TR1 | 30/01/2020  03/04/2021 | 30/05/2021 57.21 781.99 171.88 0.22 0.16
TR2 | 02/10/2019 = 04/05/2022 24/06/2022 51.38 1421.31 928.98 0.65 0.32
TR3 | 25/12/2021  25/12/2021 06/02/2022  43.13 674.96 403.21 0.60 0.19
TR4 | 14/04/2020  03/04/2021 | 11/05/2021 38.63 832.38 465.47 0.56 0.25
TRS5 | 10/06/2021 = 24/09/2021 26/10/2021 31.92 638.42 521.91 0.82 0.23
TR6 | 05/07/2021 @ 05/07/2021 1 02/10/2021 89.17 2423.17 | 227.42 0.09 0.26
TR7 1 09/07/2021 @ 06/07/2022 | 20/08/2022 | 45.21 1175.65 982.07 0.84 0.30
TR8 | 05/05/2021 @ 25/04/2022 31/10/2022 | 188.33 2680.29 814.97 0.31 0.16
TRY | 16/06/2021 08/11/2021 ' 02/07/2022 | 235.63 2805.50 | 752.44 0.27 0.14
TR10 | 20/02/2022 | 25/02/2022 23/03/2022  26.46 812.72 699.85 0.86 0.20

2.2 Lagrangian modeling framework: TrackMPD

The particle trajectories were calculated using a self-modified version of TrackMPD v2.3, a two dimensional and three-
dimensional particle-tracking framework designed for simulating the transport of marine plastic debris in oceans and coastal

105 systems (Jalon-Rojas et al., 2019). This framework supports various formats of current velocity inputs and extends the
classic advection-diffusion model by incorporating more complex and realistic particle behaviors and physical processes. For
this study, we utilized only the two-dimensional horizontal mode. We selected this framework due to its open-access nature,
ease of modification, and flexibility, which make it adaptable to a range of applications. Additionally, it has recently gained
significant traction in the field (Baudena et al., 2022; Lin et al., 2024; Rodriguez et al., 2024; Ye et al., 2024).

110 Each particle’s position is advected without drag effect using the velocity field provided by the ocean hydrodynamic
model. Advection can be computed using the Runge-Kutta method, which supports first-order (Euler Scheme), second-order
(RK2), or fourth-order (RK4). The velocity field is interpolated in both time and space at the particle’s location, a process

that can be computationally time-consuming.
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To model turbulent particle movement in horizontal directions, a random-walk model is employed, following Eq. (1) as

described by Jalon-Rojas et al. (2019).
1
Fns1 = T + R[2K,At ]2 (1)
where K}, is the horizontal dispersion coefficient (also referred to as horizontal diffusivity) in m?%s, X,, is the previous
particle position, X, is the new particle position, R is a random number (with independent values in the two horizontal
directions) having a mean zero and a standard deviation of v = 1, and A¢; is the internal time step.

One of the modifications introduced to the TrackMDP framework was the inclusion of windage effects. This was achieved
by incorporating the wind speed at a height of 10 meters and a windage factor (WDF or wind drift factor) into the differential
equation, as shown in Eq. (2). This approach follows previous modeling applications of the process (Callies et al., 2017,
Dagestad and Rohrs, 2019; Kim et al., 2014; Van der Stocken and Menemenlis, 2017). The windage factor accounts for the
influence of surface wind velocity on the object, depending on its shape and size. Typically, WDF values range from 0.01 to
0.06 (1% to 6%) (Abascal et al., 2009; Kim et al., 2014).

Additionally, particles floating on the surface of gravity waves experience a net drift velocity in the direction of wave
propagation, referred to as Stokes drift (Stokes, 1847). This phenomenon was incorporated into the modeling framework as
described in Eq. (2), based on prior studies (Sorgente et al., 2016; Tamtare et al., 2022; Zhang et al., 2020).

Thus, Eq. (2), describes the differential equation governing trajectory calculations, excluding the effects of turbulent

diffusion.
dax — — —
2 Veurrent + a - Vina + Vstores )

where chrrent is the Eulerian ocean current velocity field, Vwind is the Eulerian wind speed field at a height of 10 meters, a

is the windage factor and szkes is the Stokes drift velocity.

2.3 Oceanographic and meteorological data

To perform the simulations, multiple oceanographic and meteorological datasets were required depending on the physical
processes considered. For the wind field at a height of 10 meters, we used ERAS, the fifth generation ECMWF reanalysis,
which provides global climate and weather data for the past eight decades starting in 1940. ERAS delivers hourly estimates
for various atmospheric, ocean-wave and land-surface variables, including wind speed and Stokes drift velocity. The dataset
is gridded globally with a horizontal resolution of 0.25° for the atmospheric variables and 0.5° for ocean-wave variables

(Hersbach et al., 2023).
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For ocean currents velocities, the IBI Ocean Physics Analysis and Forecast dataset from the Copernicus Marine Service
was used. The IBI-MFC provides a high-resolution ocean analyses and forecasts with a Level-4 data processing, covering
the European waters, specifically the Iberia-Biscay-Ireland (IBI) region, which includes the Canary Islands up to 26°N. This
product is based on an eddy-resolving NEMO model application, offering a horizontal resolution of 0.028° and an hourly
temporal resolution.

The Stokes drift horizontal velocity field was obtained from the Global Ocean Physics Analysis and Forecast dataset, also
provided by the Copernicus Marine Service. This dataset represents the Operational Mercator global ocean analysis and
forecast system, with a horizontal resolution of 0.083°. This product offers hourly mean surface fields for Stokes drift
velocity, along with other oceanographic variables such as sea level height and daily or monthly temperature.

As these three datasets have different spatial resolutions, their data were linearly interpolated to match with the grid of the

IBI Ocean Physics Analysis and Forecast dataset for consistency in the simulations.

2.4 Running simulations

To assess the relative importance of each physical process involved in the trajectory computations and identify the best
match with real ocean conditions, we tested combinations of RK2 and RK4 advection schemes, horizontal dispersion
coefficients ranging from 0 m? /s to 5 m? /s, windage factors ranging from 0 to 7%, and the inclusion or exclusion of Stokes
drift. This resulted in 32 distinct scenarios (Table 3), yielding a total of 320 simulations (one for each trajectory and
scenario), which were then compared to the observed drifters’ trajectories.

The 32 scenarios were grouped into four clusters. Scenarios S1 to S8 investigated the importance of the advection scheme
and horizontal dispersion coefficient without windage or Stokes drift. Scenarios S9 to S24 studied the effects of the
advection scheme, horizontal dispersion and windage. Scenarios S25 to S28 examined the influence of the advection
scheme, horizontal dispersion, and Stokes drift. Finally, scenarios S29 to S32 considered all processes, varying the advection
scheme and horizontal dispersion.

For the 320 simulations, 100 particles were released at the initial time and position of each of the 10 drifters. The
trajectories were computed with an hourly temporal resolution, and their durations were matched to the corresponding drifter
data.

The simulations were conducted on a computer equipped with 16 GB of RAM and a 12" Gen Intel® Core™ i7-1260P

processor, clocked at 2.10 GHz, utilizing four cores for parallel computing.
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Table 3. Different scenarios (S) considered for the sensitivity analysis of GDP drifters in the Macaronesia region.

Scenario = Advection Scheme K;, (m? /s) WDF (%) Stokes drift
S1 0 0
S2 RK4 0.5 0
S3 2 0
S4 0
S5 0 0
S6 RK2 0.5 0
S7 2 0
S8 5 0
S9 0 1
S10 1 1
S11 0 2.5
S12 RK4 1 2.5 No
S13 0 5
S14 1 5
S15 0 7

S16 1 7
S17 0 1
S18 1 1
S19 0 2.5
S20 RK? 1 2.5
S21 0 5
S22 1 5
S23 0 7
S24 1 7
S25 RK4 0 0
S26 1 0
S27 RK? 0 0
S28 1 0 Yes
S29 RK4 0 2.5
S30 1 2.5
S31 RK? 0 2.5
S32 1 2.5
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2.5 Evaluation of trajectory modeling

To evaluate and quantify the fit between the modeled and the actual trajectories, a dimensionless dynamical Skill Score is
used, supplemented with visual evaluations. This Skill Score is based on the normalized cumulative Lagrangian separation,
commonly referred to as the Liu-Weisberg Skill Score (Liu and Weisberg, 2011). It has been widely employed to assess the
performance of numerical ocean circulation models, oil-spill tracking models, and similar applications (Coquereau and
Foukal, 2023; Pért et al., 2023; Rohrs et al., 2012; de Vos et al., 2022). This method measures the separation between real
and modeled trajectories along their entire path, normalized by the total length of the trajectory path, following Eq. (3) by
Liu and Weisberg, (2011).

1-3, ifs<
ss={ ~, ifs<n 3)
0, ifs>n

where 7 is a tolerance threshold that defines the expectations or requirements for the model. A larger n value corresponds to
lower expectations, while a smaller » value indicates stricter requirements. The variable s is and index defined as the average

separation distance weighted by the cumulative length of the observed trajectory, as describe in Eq. (4).

N
_ Zizadi

5= L @)
where N is the total number of time steps, d is the separation distance, / is the length of the observed trajectory and i is the
index indicating the time step at which d and / were calculated.

We used a tolerance threshold n=1, following previous applications of this Skill Score (Jalon-Rojas et al., 2019; Liu et al.,
2014; Révelard et al., 2021; Rohrs et al., 2012).

A Skill Score of zero indicates no similarities between trajectories, while a value of one indicates that the trajectories are
equivalent. To visualize the distribution of the Skill Scores across scenarios and parameter values, we employed boxplots.
These boxplots illustrate the median (center line of the box), the 1 quartile (lower border of the box), and the 3" quartile
(upper border of the box), as well as potential outliers. The lower and upper whiskers extend to the range of the data within

1.5 times the interquartile range (IQR) from the 1% and 3™ quartiles, respectively.

3 Results and discussion
3.1 Differences across scenarios

Figure 2 presents the Skill Score results obtained from the simulations corresponding to each scenario in Table 3. Significant

differences between scenarios are evident. In particular, in the first eight scenarios, where the windage factor (WDF) and
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Stokes drift were excluded, the medians of the Skill Scores remain low, close to zero. However, beginning with S9, the Skill
Scores increase substantially, with medians exceeding 0.5. This improvement aligns with simulations that incorporate wind

forcing and/or Stokes drift.
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Figure 2. Boxplot representation of the Skill Scores (n=1) obtained for the trajectorles evaluated in each scenario defined in Table
3. Shaded areas represent the 95% confidence intervals around the median. The horizontal line within each box indicates the
median, while the box boundaries correspond to the interquartile range (IQR). The whiskers extend to the smallest values within
1.5 times the IQR, and individual points outside this range represent potential outliers.

3.2 Turbulent diffusion

In terms of horizontal dispersion, no noticeable differences are observed between scenarios S1-S8 (Figure 2), where
horizontal dispersion was specifically analyzed. Similarly, in the remaining simulations, where horizontal dispersion
coefficient has been alternated between 0 and 1 m?/s, no significant differences were identified. The apparent insensitivity
of the simulated trajectories to turbulent diffusion may be attributed to the drifters not being substantially influenced by
highly nonlinear processes. This aligns with the premise that including horizontal dispersion in particle simulations is
intended to stochastically approximate the effects of such nonlinear dynamics.

However, most trajectories originating from the northern area of the region - TR2, TRS, TR7, TR8, TR9 and TR10 (Figure
1), which are primarily influenced by the Canary Current, show greater variability in their Skill Scores (Figure 3). These
trajectories often exhibit meanders and are likely to encounter low-speed conditions, where horizontal dispersion plays a

more significant role in trajectory calculations, leading to increased variability in Skill Scores.

3.3 Advection scheme

Concerning the advection schemes employed, no significant differences in the median Skill Score are generally observed
between the two numerical methods, except for certain trajectories, such as TR1, where RK4 appears to yield higher Skill
Scores (Figure 3). A particularly notable case is TR6, where the drifter is influenced by a mesoscale eddy south of Madeira

(Figure 1). In this instance, RK4 exhibits lower variability and a considerably higher third quartile (Figure 3). However, it is

10
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important to note that a visual comparison between the observed TR6 trajectory (Figure 1) and the simulated trajectory (not
shown) reveals that the circular movements induced by the eddy are not fully replicated. After three rotations, the virtual

particles exit the eddy structure, whereas the drifter remains within the eddy for at least ten rotations.
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Figure 3. Boxplot representation of the Skill Scores (n=1) obtained for the studied trajectories comparing results using 2"¢ Order
Runge-Kutta (RK2) and 4™ Order Runge-Kutta (RK4) methods. Shaded areas represent the 95% confidence interval around the
median.

The results suggest that, in general, there are not significant differences between the advection schemes. However, specific
cases, such as TR6, indicate that RK4 yields better results. This appears to be particularly true in regions where mesoscale
activity predominates. These findings imply that in the Macaronesia region, where mesoscale processes play a significant

role, RK4 is the more suitable advection scheme.

3.4 Windage effect

This sensitivity analysis highlights the importance of windage in trajectory calculations, as notable improvements are
observed when wind forcing is included (Figure 2). However, substantial variations in performance are evident depending on
the WDF. Generally, Skill Scores improve when wind forcing is incorporated with a specific WDF, reaching a peak at values
between 2.5 and 5% (with the exception of TR3). This finding aligns with previous studies utilizing drifters (De Dominicis
etal., 2016; Part et al., 2023; Poulain et al., 2009).

Examining the Skill Score performance for individual trajectories (Figure 4), reveals notable differences. For TR1, a slight
improvement is observed at a WDF of 1%, but higher values lead to reduced performance. The Skill Scores for TR2 and
TR10 show a significant improvement as the WDF increases up to 2.5%, followed by a decline at higher values, although
TR10 does not exhibit differences between 2.5% and 5%. TR3 remains an outlier, where the inclusion of any wind forcing
results in Skill Scores of zero. For TR4, the Skill Scores improve significantly with wind forcing and remain relatively
constant across varying WDFs, with a slight peak at 7%. The performance of simulated TR5 and TR7 improves
progressively, peaking at WDF values of 2.5% and 5%, respectively. The simulated TR6 shows no significant differences

11
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between WDF values, except for a slightly better fit at 1%. Finally, the Skill Scores for TR8 and TR9 display similar
patterns, with marked improvement when wind forcing is included at WDF=1%, followed by a decline at higher values,
stabilizing at approximately 0.5. These differing behaviors may result from various factors, such as morphological
characteristics of the buoys, particularly their shape and diameter. Additionally, the optimal WDF may depend on wind

intensity, as noted in other studies (De Dominicis et al., 2016).
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Figure 4. Boxplot representation of the Skill Scores (n=1) obtained for each trajectory under varying windage factors.
3.5 Stokes drift

Regarding the Stokes drift, it is noteworthy in Fig. 5 that simulations incorporating this process (S25-S32) yield higher

median Skill Scores compared to those where it is omitted. When the Stokes drift is included without accounting for windage
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(Figure 5a), improvements are observed for TR2, TR4, TR7, TR8, TR9 and TR10. When the Stokes drift and windage are
combined with a WDF of 2.5% (Figure 5b), similar improvements are observed for certain cases (TR1, TR6 and TR7), but
there is a greater variability overall compared to simulations excluding Stokes drift. This likely occurs because the drift
induced by waves often aligns with wind direction, producing an effect similar to windage. Consequently, it can be argued
that the WDF implicitly incorporates the Stokes drift caused by wind waves (van den Bremer and Breivik, 2018; Callies et
al., 2017; Korotenko et al., 2010). This also explains why optimal WDF values depend on whether the Stokes drift is
included (Dagestad and Rohrs, 2019).

Furthermore, this relationship clarifies why, when windage is considered, there are no substantial differences between the
inclusion and omission of the Stokes drift (Figure 5). However, generalizing wind and wave forcing may not be appropriate
in regions where swell is significant, as it can have a different direction from the prevailing wind. Additionally, the
implementation of Stokes drift in trajectory computation frameworks requires further research. Among other factors, the

significance of this process has been shown to vary depending on the region and time of year (Riihs et al., 2024).
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Figure 5. Boxplot representation of the Skill Scores (n=1) obtained for each trajectory comparing the inclusion and omission of the
Stokes drift (a) without considering windage and (b) with a windage factor of 2.5%.

3.6 Singular cases

On the one hand, trajectory TR3 stands out as particularly challenging to replicate due to its anomalous displacement (Figure
1). This trajectory ocurred from late December 2021 to early February 2022, a period characterized by significant dust cloud
activity. Notably, January 2022 ranked among the top three Januarys with the highest calima occurrence since 1974
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(Agencia Estatal de Meteorologia, 2022). It is possible that this phenomenon was not adequately represented in the wind
model. Additionally, the drifter’s trajectory may have been influenced by an upwelling filament (not shown), which could
explain the worsened results when wind forcing was included in the simulations. A third potential explanation is that the start
date of the trajectory coincides with the date of drogue loss (Table 2). A failure in the strain gauge may have resulted in the
drogue remaining intact, at least during the initial days of the trajectory, preventing the drifter from being significantly
affected by the wind.

On the other hand, the low Skill Scores obtained for TR10 (Figure 3) could be attributed to its location on the African
continental shelf (Figure 1). In this region, physical processes such as the upwelling and the Canary Upwelling Current, may

introduce complexities that challenge the accuracy of the IBI Ocean Physics Analysis and Forecast model.

4. Conclusions

We conducted a sensitivity analysis to evaluate the influence of various physical processes on the transport of undrogued
surface drifters mimicking marine litter in the upper ocean. This analysis considered different advection schemes, horizontal
dispersion coefficients, and the impacts of windage and Stokes drift processes. Our findings highlight that windage and
Stokes drift significantly improve the accuracy of trajectory simulations, particularly when included in the model from
scenario S9 onward.

The analysis of horizontal dispersion showed that trajectory simulations were generally not significantly affected by
variations in the dispersion coefficients.

Regarding advection schemes, both RK2 and RK4 produced comparable results; however, RK4 demonstrated greater
accuracy in cases involving pronounced mesoscale activity. This suggests that, in regions like Macaronesia with a notable
mesoscale activity, RK4 may provide a more precise representation of drifter trajectories.

In the upper ocean, windage emerged as a dominant factor in the Canary Current System, while Stokes drift exhibited an
implicit effect.

The most reliable results were obtained when windage was applied within a range of 2.5-5% with differences linked to
varying weather conditions.

Finally, TrackMPD has proven to be an effective tool for simulating and analyzing the trajectory of undrogued surface
drifters mimicking marine litter traveling under various conditions, providing valuable insights for identifying marine debris
hotspots and managing marine pollution crises. However, selecting the appropriate parameters in TrackMPD to generate
accurate virtual trajectories under different environmental conditions requires a thorough understanding of the study area and

the characteristics of the target object.

Data availability. The datasets used in this study are publicly available. Oceanographic data were obtained from Copernicus

Marine Service. Specifically, the Eulerian ocean currents were provided by the IBI Ocean Physics Analysis and Forecast
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product (https://doi.org/10.48670/moi-00027, E.U. Copernicus Marine Service Product, 2024b). Additionally, Stokes drift
data were provided by the Global Ocean Physics Analysis and Forecast dataset (https://doi.org/10.48670/moi-00016, E.U.
Copernicus Marine Service Product, 2024a). Meteorological data regarding wind speed were sourced from the ERAS
product (https://doi.org/10.24381/cds.adbb2d47, Hersbach et al., 2023). Drifter data were obtained from the Global Drifter
Program (https://doi.org/10.25921/x46¢-3620, Elipot et al., 2022)

Code availability. The TrackMPD framework is available in GitHub (https://github.com/IJalonRojas/TrackMPD) thanks to
Jalén-Rojas et al. (2019). The modifications implemented by the authors include adapting the 2D horizontal mode of
TrackMPD to utilize current data from IBI Ocean Physics Analysis and Forecasts. Additionally, windage and Stokes drift
have been incorporated as described in the manuscript. For greater computational efficiency, instead of interpolating
bathymetry data at every particle position, the nearest neighbour method is used. The modified code is available upon

request to the corresponding authors.
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