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Abstract

Tidal asymmetry drives the transport of materials (e.g. plastic debris)
within tidal estuaries. Most previous research has focused on the asymmetry
that arises within estuaries and relates to sediment transport; however, es-
tuaries exhibiting tidal asymmetry at the mouth and their relationship with
materials other than sediments have received less attention. This study uses
numerical hydrodynamic and Lagrangian transport models to assess the ef-
fect of estuary morphology on the propagation of asymmetric tides and how
it influences the distribution of plastic debris that reaches tidal estuaries
from ocean sources. A series of numerical experiments were conducted in
idealised estuaries, specifically in tidal creeks. The results show that the
asymmetry at the mouth results in flood/ebb dominance and influences the
presence of plastic debris in areas where the main channel favours tidal
flow. Flood-dominated estuaries show an import capacity 50% higher than
those that show symmetric or negative asymmetric tides at their mouths.

Numerical simulations show that the relevant role in defining flood or ebb
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dominance is played by the geometry of the estuary when increased friction
that opposes flow and intertidal storage areas are present, although small
influences of the external tidal asymmetry are also appreciated. The prob-
ability of plastic debris presence was 90% for positive asymmetric tides and
varied between and 70-80% for symmetric and negative-asymmetric tides. A
remarkable finding of this study is the regulatory role of kurtosis which cor-
rects the tendency induced by skewness in the fate of plastic debris. These
findings were corroborated with the application of this methodology to a
real estuary and a comparison of the obtained results with available field
data on plastic debris.
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1 1. Introduction

2 Marine litter is one of the main threats to marine environments, causing
s significant ecological, economic, and social damages (UNEP, 2005). Cur-
4 rently, marine litter has become a priority issue in international environmen-
s tal agendas, such as the EU Marine Strategy Framework Directive (MSFD)
s (Galgani et al., 2013)). Approximately 80% of marine litter is made of plas-
7 tics (Barnes et al. 2009; [Derraik, 2002)). In 2010, between 4.8 and 12.7
s million tons of plastic debris accumulated in the ocean, and an increase of
o an order of magnitude has been estimated for 2025 (Jambeck et al., 2015).
10 Approximately 80% of the litter that reaches marine environments comes
1 from land-based sources, mainly rivers (Galgani et al., 2015; Rech et al.,
12 2014). A significant part of this litter will reach the open ocean, and the

13 remaining litter will be retained within estuarine systems, which often act
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14 as marine litter sinks with a notable plastic fraction (Acha et al.l 2003]).
15 Furthermore, tides and waves can also interact to introduce litter from sea-
16 based sources (e.g. trawling) into estuarine environments (Hinojosa and
17 (Thiel, 2009).

18 Estuaries are transition areas that are subject to marine events, such as
19 tide, waves, and the influx of saline water, and riverine influences, such as
20 river and sediment discharge. These areas show high biological productivity
21 and provide habitats for many species of flora and fauna. Countless species
» of fish, crustaceans, and shellfish depend on estuarine waters as safe places
23 for their survival. In addition, estuaries serve as refuges for a wide variety of
24 aquatic birds, whether autochthonous or exotic. Moreover, they have a key
25 role in coastal protection and carbon capture, as well as the socioeconomic
2 importance of estuaries for the development of different local activities such
27 as fishing, shellfishing, small industry, tourism, and recreational activities
s (Barbier et al.,[2011)). Therefore, the accumulation of marine litter in general
20 and plastic debris in particular represents a significant threat to estuarine
s habitats and the ecosystem services they provide (Mazarrasa et al.l 2019).
31 Consequently, there is growing concern regarding the issue of marine
32 litter, especially plastic debris, at the estuarine scale by defining preven-
33 tion and clean-up strategies. The study of plastic debris hotspots, areas of
34 greatest concentration, allows us to focus clean-up efforts on priority areas
35 and thus reduce the associated costs (Gallo et al. [2018; Hall, 2000; OSPAR),
36 2009). The availability of this type of information on an estuarine scale is
37 limited, which makes the organisation and logistics of these activities diffi-
s cult for managers. Most existing studies that assess the transport and fate
30 of litter only conduct global analyses and identify large concentrations in

s areas of oceanic convergence (gyres) (Law et al., 2010} [Lebreton et al.,|[2012;
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s Maximenko et al., 2012; Van Sebille et al., [2012), while regional studies
22 have been performed in confined areas, such as the East Asian seas (Isobe
i3 et al., 2009; Kako et al., 2014} |2011; Yoon et all |2010), the waters near the

w  Hawaiian Islands (Carson et al., 2013} [Kubota, [1994)), or the Mediterranean

55 Sea (Zambianchi et al., 2017 [2014). Nevertheless, studies focusing on an

46 estuary scale are much rarer, and most are based on field observations in
a7 specific estuaries, making it difficult to draw general conclusions
s let al, 2010; Klein et all 2015; Mazarrasa et al., 2019; [Yonkos et al., 2014).

49 Some research, such as that of Ballent et al. (2012); Browne et al.|(2010));
so (Costa et al.| (2011); Eerkes-Medrano et al. (2015); |Galgani et al. (2000),

51 suggest that the study of plastic debris transport within estuaries can be
52 assimilated to the study of sediment transport. Most published theories
53 and studies relate sediment transport mechanisms and morphological trends

s¢ in estuaries with the tidal asymmetry that arises with tidal propagation

ss through these environments. Aubrey and Speer| (1985); [Dronkers| (1986);
ss [Friedrichs and Aubrey| (1988), and [Speer and Aubrey| (1985) analysed the

57 propagation of symmetric tides through estuaries with different geometries
ss using analytical models or field observations to draw a series of relevant
so conclusions. Tidal wave deforms as it propagates through shallow estuaries
60 owing to the friction related to the lateral boundaries and the bottom. This
61 deformation results in differences between flood- and ebb-phase durations
62 and, consequently, the intensities of the flood and ebb currents. Therefore,
63 tidal asymmetry induces net transport in the direction of the most intense
64 currents, which determines the estuarine trends that import or export sedi-
es ments. If the flood phase is shorter, the tidal asymmetry is considered posi-
66 tive, and the flood currents are faster than the ebb currents, and vice versa

67 for a negative tidal asymmetry. Regarding estuarine geometries, estuaries
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es where tidal flats occupy a small area or show high friction typically develop
60 positive asymmetry and a tendency to import sediments. In contrast, if they
70 have extensive tidal flats and weaker friction, negative tidal asymmetry and
71 a tendency to export sediments are observed. In short, tidal amplitude,
72 lateral boundaries, bottom friction, and estuarine geometry are the factors
73 that determine tidal asymmetry and the tendency to accumulate or export
74 sediments or other materials, such as plastic debris.

75 Until now, studies have linked the origin of tidal asymmetry to non-
76 linear tidal interactions in shallow waters. However, Hoitink et al. (2003)
77 and [Song et al. (2011) demonstrated that tidal asymmetry also arises in
7z deep ocean waters because of interactions between some of the main tidal
79 constituents. In addition, some research has highlighted the importance of
so ocean tidal asymmetry imposed at estuarine mouths in evaluating the de-
g1 formation generated after tidal propagation and, consequently, determining
&2 estuarine morphological trends. Moore et al.| (2009)) found that the positive
83 asymmetric character of the ocean tide at the mouth of the Dee Estuary
s« (the UK) induced flood dominance, which explained the large-scale accre-
g5 tion that occurred over the last two centuries. [Ranasinghe and Pattiaratchi
s (2000) found that the sediment export observed in three estuaries located
87 on the southwestern coast of Australia could be explained by the negative
s tidal asymmetry at their mouths. Nidzieko (2010) investigated three Cali-
so fornian estuaries that also showed negative tidal asymmetry at their mouth;
o0 however, in these cases, the estuaries were characterized by very different
o1 geometric features, and the final asymmetric character depended both on
92 the tidal asymmetry at the mouth and the estuarine geometry, especially
o3 regarding tidal flat extension. As the author concluded, tidal asymmetry de-

94 velops with tidal propagation according to estuarine morphology, but tidal
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95 asymmetry at the mouth must first be addressed.

9 From the information detailed above, the following conclusions can be
o7 drawn: just as tidal asymmetry is associated with sediment transport, it
98 can be related to the transport of any other material, such as plastic debris;
9 several studies have analysed the tidal deformation generated by tidal prop-
100 agation through shallow waters and related this deformation with sediment
101 transport and estuarine morphological trends; and finally, some authors have
102 highlighted the relevance of the asymmetry imposed at estuarine mouths in
103 the estuary-ocean flow exchange, tidal propagation, and, consequently, inter-
104 nal transport processes. However, to date, no general conclusions have been
105 drawn regarding the effect of estuary geometry on an initially asymmetric
106 tide at the mouth nor how this initial asymmetry affects the dispersion of
107 materials in general or of plastic debris in particular.

108 This study explored as a novelty the relationship between the tidal de-
100 formation that arises from propagation, the initial asymmetry existing in
10 estuarine mouths, and the morphological features of these environments.
1 Furthermore, it contributes by assessing the effect of these interactions on
112 the presence of plastic debris that reaches tidal estuaries from ocean sources.
13 Although an important part of the plastic debris that is retained within es-
14 tuaries comes from rivers (Rech et all 2014), tide and waves also introduce
us  them from sea-based sources (Hinojosa and Thiel, 2009)). Because this study
16 focused on exploring the role of the tide, the hydrodynamics of rivers, waves,
17 and river sources were not included in the analyses. To achieve these ob-
us jectives, a series of analyses based on the application of the hydrodynamic
ue and particle tracking modules of the Delft3D numerical model (Hydraulics,
120 2018ayb} Roelvink and Van Banning, [1995) were conducted to study estuar-

121 ies with different morphologies. The study estuaries were defined according
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12 to the criteria of |[Speer and Aubrey| (1985) and specifically correspond to
123 tidal creeks. The high-resolution (1/30°) classification of ocean tidal asym-
124 metry obtained by Nunez et al.| (2020) was used to build the boundary
125 conditions of the numerical models. The probabilistic analysis of the La-
126 grangian model allows us to draw some general considerations about the
127 role of ocean tidal asymmetry and estuarine morphology on the presence of
128 plastic debris within tidal estuaries. Furthermore, the application to a real
129 estuary, the Pas Estuary (northern Spain) where field data on plastic debris
130 are available, was also included to corroborate our findings.

131 The remainder of this paper is organized as follows: Section [2] describes
132 the study estuaries, the astronomical tide dataset used to define the bound-
133 ary conditions, and the setup of the numerical computations used in this
13¢ research; Section [3| describes the main results; Section [4| details the appli-
135 cation of our method to the Pas Estuary; Section [5] discusses the results of

136 the developed research; and Section [6] outlines the main conclusions.

137 2. Material and methods

138 The proposed methodology used to assess the effect of ocean tidal asym-
130 metry and estuarine morphology on tidal propagation and plastic debris
140 presence within tidal estuaries is based on numerical simulations of a series
11 of hydrodynamic and particle tracking scenarios in estuaries with different

12 geometries. Fig. [I] shows an overview of the applied methodology.
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Figure 1: Flowchart of the model structure and data inputs and outputs.

143 The hydrodynamic (FLOW) and particle tracking (PART) modules of
144 the Delft3D numerical model were applied offline to simulate plastic debris
s transport and fate within estuaries. Delft3D-FLOW (Hydraulics, [2018a;
us [Roelvink and Van Banning, [1995) is an integrated flow modelling system
147 that solves the Navier-Stokes equations for shallow water environments with
s the hypothesis of hydrostatic pressure and the Boussinesq approach. The
1o model includes robust, accurate, and computationally efficient algorithms for
10 simulating wetting-drying in intertidal flats (Lesser et al., 2004). Delft3D-
151 PART (Hydraulics, 2018b)) simulates material transport processes using forc-
152 ings from the FLOW module and a particle tracking method based on a
153 random walk method (Rubinstein and Kroese, 1981). Materials are repre-
152 sented by a set of particles characterised by a certain density. Delft3D-PAR
155 enables the simulation of the transport of conservative substances by se-

156 lecting the tracer model or hydrocarbons and their degradation processes
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157 using the oil model. The oil model also allows us to consider the transport
153 processes affected by wind drag additional advection or the beaching ef-
150 fect by defining a stickiness probability. The set of particles moves through
10 the combined action of currents and wind (deterministic displacement) and
11 turbulent diffusion (random displacement).

162 Delft3D is a widely applied state-of-the-art model used to evaluate dif-
163 ferent processes in complex estuarine systems. The Delft3D-FLOW module
164 has been applied to several studies that have confirmed its ability to simulate
15 hydrodynamics within estuaries (for example, |Abascal et al.l |2017; Béarcena
166 |et all, 2016} Iglesias and Carballo), 2010} |Garcia Alba et al., 2014} [Jiménez
167 et al.l [2014; [Ninez et al., 2019; Zhou et al., 2014). This and the possibilities
168 offered by the Lagrangian module Delft3D-PAR to evaluate the transport
160 of plastics (van Utenhovel 2019) have informed the selection of this model

170 for this study.

i 2.1. Estuary configurations

172 This study examines shallow well-mixed and tide-dominated estuaries
173 with intertidal flats and submerged channels, where most water flows during
174 ebb and flood phases. The shallow depths of the channels and tidal flats
175 produce distinct tidal deformations, some of which can be detected with the
176 naked eye.

177 To define the study estuaries, the criteria reported by [Speer and Aubrey
s (1985) were used as references. These authors propose estuary analysis
179 assuming a constant cross-sectional area in the longitudinal direction char-
180 acterised by a main channel with a trapezoidal section and tidal flats. Four
181 particular cases of this geometry were selected to describe different mor-

1.2 phological features: a first estuary (EA) with a trapezoidal cross-sectional
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183 area that is constant landward, a second estuary (EB) that is also constant
1« landward but with a rectangular section, a third estuary (EC) whose trape-
185 zoidal section shows a linear reduction in depth toward its innermost areas,
16 and a fourth estuary (ED) with a trapezoidal section that linearly reduces
187 its width landward. While the EA and EB geometries show channelized
188 geometries, EC and ED are more closely identified with common estuar-
19 ine configurations. The dimensions, longitude (L), width (b), depth (h),
190 and lateral slope of the channel (N) chosen for this study were within the
11 ranges evaluated by |Speer and Aubrey| (1985) for shallow estuaries with long
192 channels compared to their widths (b/L << 1) and small horizontal aspect
103 ratios (h/b << 1). According to these geometries and dimensions, the study

104 estuaries were classified as tidal creeks (Fig. [2).

10
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15 2.2. Astronomical tide characterization

196 The classification of astronomical tide on a global scale by Nunez et al.
197 (2020) was used to characterise tidal asymmetry in estuarine mouths. This
s classification is based on the TPX09-atlas barotropic tidal solution (Egbert
199 [and Erofeeval 2002) and identifies, with a spatial resolution of 1/30° on the
200 coastal areas, 25 representative astronomical tide types (ATtypes) globally
20 according to their tidal asymmetry and periodicity parameters. Tidal asym-
22 metry is described by the probability density functions (PDFs) of the tidal
203 elevation time derivative, dn/dt (a variable associated with the rising/falling
204 tidal speeds and, therefore, with the flood/ebb currents in tidal estuaries),
205 through the skewness (1) and kurtosis (g2) coefficients calculated from a 19-
206 year series. Periodicity is defined by the tidal form factor and distinguishes
207 semidiurnal, mixed-semidiurnal, mixed-diurnal, and diurnal regimes.

208 v1 of dn/dt allows a relative comparison between flood and ebb current
200 intensities, that is, it provides a measure of tidal current asymmetry and
210 therefore provides information regarding the ability and orientation of the
a1 transport of materials (Nidziekol [2010; Song et al., 2011). Positive values
212 indicate that the flood-phase duration is shorter than the ebb-phase dura-
213 tion. As the tidal prism must remain the same, flood currents must be more
214 intense than ebb currents, resulting in net transport towards the estuary. In
215 contrast, if v is negative, ebb currents are the most intense and generate
216 a trend of exporting materials to the open ocean. Nunez et al.| (2020) pro-
217 posed using the kurtosis (g2) parameter together with 71, as go compares
218 the frequency of occurrence of the strongest flood/ebb currents (Balanda
210 jand MacGillivray, 1988; Westfall, [2014) and, consequently, is also related
20 to the estuary capacity to transport materials. If the tides show a positive

21 asymmetry, a lower kurtosis indicates a greater presence of stronger flood

12
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22 currents, and this aspect can be associated with a greater tendency to im-
23 port materials. In contrast, if the tides are negatively asymmetric, a lower
24 kurtosis indicates a greater frequency of stronger ebb currents. The set of
25 71 and go obtained for a specific time period explains the residual currents
26 for such period, as their magnitudes and directions are strongly conditioned
227 both by the value of the maximum flood/ebb currents and their frequency of
28 occurrence. Residual currents in tidal estuaries are key factors that influence

220 transport processes (Carmo et all 2010; |[Feng et al., [1986)).

20 2.3. Hydrodynamic model

231 As the study estuaries are shallow, narrow, and tidal estuaries, that is,
232 tidal creeks, and the astronomical tide is the only analysed driver, 2D hy-
233 drodynamic modelling is suitable for representing the flow features. The
234 hydrodynamic grids used to numerically evaluate the above-described estu-
235 aries have 160000 computational elements and an average spatial resolution
236 of 1 m, which is suitable for describing the hydrodynamic and transport
237 processes at these spatial scales.

238 In this study, to assess the role of different tidal asymmetric natures,
230 three ATtypes with different v, and similar go values were selected as the
20 analysis tides. The selected types were ATtype; (yv1 = 0.57), ATtypeis
a1 (1 = -0.08), and AT'typess (71 = -0.54), all of which show go values of
22 approximately -0.4. ATtype; is a positive asymmetric tidal type. Positive
23 asymmetric tides are representative of 11.3% of the world’s coastal areas,
244 such as the western Gulf of Mexico, northern Caribbean Sea, Mediterranean
s coast of France, and south coast of Australia, as well as part of the Spanish
26 coast, and conditions the behaviour of the estuaries they house. ATtypeiq is

27 associated with the symmetric tides. Symmetric tides are present in 77.4%

13
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s of coastal areas of the world. A significant part of the coastal areas of the
20 Atlantic Ocean, including the East Coast of the USA, the western coast of
20 Spain, and large proportions of the Brazilian and African coasts, exhibit
21 symmetric tides. Within the group of symmetric tides classified by [Nunez
22 let al.| (2020), those with bimodal PDFs of dn/dt show the most widespread
253 presence (47.4% of the world’s coastal areas), AT'typejs, which shows a
s« unimodal PDF (see Fig. |3), was selected for this study. The reason is the
25 interest in evaluating the behaviour of tides that differ only in their tidal
2x6 skewness. ATtypeig allows the selection of a symmetric tide type while
257 keeping the other parameters, such as kurtosis, similar to the other two
s selected tidal types. Symmetric tides with unimodal PDF's represent 30% of
20 coastal areas in the world. Finally, ATtypeoy refers to negative asymmetric
20 tides, which are found in the remaining 11.3% of coastal areas. Negative
261 tides can be found in coastal areas located in the southern Caribbean Sea,
22 mnorthern Greenland, the South China Sea, and western Australia (Nunez
263 |et al., 2020). Consequently, the importance of evaluating the influence of
264 these tidal types is demonstrated, as they are the tidal types that can be
265 found on the mouths of estuaries located in different areas worldwide and
266 influence their internal processes. Fig. [3| shows the standardized (between
27 -1 and 1 values) PDFs of dn/dt associated with the positive asymmetric
%8  tide ATtypey, the symmetric tide ATtypeis, and the negative asymmetric
%0 tide ATtypess, as well as the 15 daily water level conditions from such tidal
270 types.

271 The analysis period was set to 15 days to contemplate the residual trans-
a2 port caused by the complete neap-spring tidal cycles. The analysis time
273 period is shown in Fig. |3| between two vertical red lines. Furthermore, to

a74  avoid the effect of different potential tidal ranges on the fate of plastic debris

14
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275 within estuaries and analyse the effects of tidal asymmetry and estuarine ge-
276 ometry only, the tidal series were standardised so that the maximum tidal
o7 amplitude took a unit value. Similarly, to obviate the effect of plastic debris
278 inputs reaching estuaries at different tidal phases associated with different
279 tidal ranges, it is assumed that the plastic debris reaches estuaries at low
280 tide with a mean tidal range of 1 m in all cases. Therefore, the boundary
251 conditions were the 15-daily time series of astronomical tides with a 10-min
22 temporal resolution associated with the tidal types (ATtypes;, where i =
283 1, 16, and 24). The initial conditions of the analysis correspond to 10 min
284 after the low tide level, when the estuary begins to flood.

285 To evaluate the 2D hydrodynamics in the study estuaries, the rough-
26 ness coefficients (C) and horizontal eddy viscosities (€) were defined. C
287 was characterised as a variable with depth according to the equivalent geo-
288  metrical roughness of Nikuradse (ks), and e varied with cell size according
230 to a calibration constant (k). Considering that both the geometries and
200 the representative dimensions of the study estuaries were within the ranges
201 evaluated by Speer and Aubrey (1985) and |Barcena et al.| (2016), these pa-
202 rameters were consistently defined for all study estuaries by adopting a value
23 of 0.2, for ks and 0.1, for k.

204 The flood/ebb currents for the selected tidal types (positive asymmetric,
205 symmetric, and negative asymmetric) and for the defined estuaries (EA, EB,

206 EC, and ED) were obtained by applying the above-described models.

15
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207 2.4. Particle tracking model

298 The simulated high-resolution flood/ebb currents were the inputs of the
200 Delft3D-PAR module. The 0il model was selected to include the beaching
300 effect in plastic debris transport simulations. Owing to the current limited
s knowledge about the interaction between plastic debris and shoreline and to
302 assess the presence of plastic from a hydrodynamic perspective, a simplified
303 beaching effect was defined (Nunez et al.l [2019). A small stickiness prob-
s0¢  ability of 0.5% favours the presence of free particles throughout the entire
305 simulation, which is useful for considering the influence on transport of the
306 complete neap-spring cycle and allows particles to be trapped by the shore-
so7 line. Following [van Utenhove| (2019)), the oil degradation processes were
38 neglected, and the only processes considered were advective transport due
300 to tidal currents and diffusive transport. The diffusion coefficient (D) was
30 set to 1 m?/s, which is suitable for estuarine areas (Abascal et al., 2017,
su 20125 [Nunez et al., [2019; Viikmae et al., 2013]).

312 Considering that one of the most common plastics found in the marine
s13 environment is polypropylene (Mazarrasa et al., [2019; [Zhang, 2017), this
a4 study represented plastic debris with particles of 0.89 g/cm? of average den-
s1i5  sity. Furthermore, it was assumed that these particles were always floating
316 and were transported over the surface, that is, the settling velocity was set
317 to zero. The origin of plastic debris was assumed to be marine; the debris
s1s  reached the estuarine mouths at the low tide with a mean tidal range of 1 m
310 for all assessed scenarios. Regarding the number of particles, there is a large
320 variability in the selection of the number of particles in the literature as a
sz function of the extension of the study area. Studies such as|Abascal et al.
322 (2009); Barker and Galt| (2000); Diaz et al.| (2008); [Nunez et al.| (2019), and

323 |[van Utenhove (2019) have shown that thousands of particles per location

17
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3¢ may be sufficient on regional and local spatial scales. In this study, 100
35 times greater order of magnitude was chosen to ensure the accuracy and
326 robustness of the probability analyses derived from this study. Regarding
327 the time step (At), 5 min was adopted to ensure the stability of the model.
328 Particle trajectories for the four study estuaries forced with the three
320 tidal types were obtained using the particle tracking model with the afore-

330 mentioned setup.

31 2.5. Probabilistic analysis

332 A probabilistic analysis of the particle trajectories obtained from Delft3D-
333 PAR determined the most likely areas, defined according to their distance
334 to the mouth, of plastic debris presence for the selected time horizon of 15
335 days. In this period, because of the defined beaching features, most par-
33 ticles have not yet been retained by the coast, but they continue to move
337 immersed in the tidal flow. For this reason, the average probability of the
38 presence of particles over a neap-spring tidal cycle, which includes the effect
339  of tidal hydrodynamic variability during the analysis period, was used as the
so analysis variable (Abascal et al., 2010). Thus, the effects of the uncertain-
s ties associated with some of the assumed hypotheses, such as the origin of
32 plastic debris or the tidal phase in which plastic debris reaches the estuary,
343 can be mitigated.

344 To perform these probabilistic analyses, the study estuaries were dis-
us  cretized into Ngg estuarine units (sections) in the longitudinal direction of
us  the estuary. Twenty (Nog) sections 400 m in length were found to be suit-
a7 able for characterising the plastic distribution of the estuaries analysed. For

us  each of these sections (j), the average probability of the presence of particles
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19 in a neap-spring tidal cycle (P,,) was calculated (Eq. [1)).

Pm]’ = ’I’lj/NT x 100 (1)

0 where n; is the average number of particles in section j in a neap-spring
351 tidal cycle, and Ny is the total number of evaluated particles, that is, 100000
352 particles.

353 Moreover, to check whether an estuary with a certain tidal asymmetry
4 imposed at its mouth shows a trend of importing particles, the sum of P,

355 in all estuarine units was calculated (P, = Z;V:Cf Pp;).

6 3. Results

357 3.1. Effects of tidal asymmetry and estuarine morphology on tidal propaga-
358 tion

359 Fig |4 shows the evolution of the skewness (1) and kurtosis (g2) coeffi-
s0 cients of the 15-daily dn/dt when the three analysed tidal types propagate

361 by each of the four estuaries studied.
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Figure 4: Skewness (1) and kurtosis (gz2) coefficients of AT type1, ATtypeis, and AT typesa
along the EA, EB, EC, and ED channels.

362 The effect of the lateral boundary inclination of the channel on tidal
363 propagation was deduced by comparing the hydrodynamic results in EA
3¢« and EB estuaries. The lateral boundaries of the channel oppose tidal flow.
365 A greater inclination translates into greater friction, which is more notice-
s6 able at low tide than at high tide, delaying the ebb tide and generating
ss7  a deformation with a flood-dominance trend (7; increases). However, the
38 flood- or ebb-dominant nature depends not only on the geometry but also
30 on the ocean tidal asymmetry imposed at the estuarine mouths. Within the
30 B A estuary, which is characterised by a 45° inclination at its lateral bound-
sn  aries, 1 gradually increases to the middle of the estuary for the three tidal
s types analysed; however, the change is not very significant in the inner half.
313 Thus, the positive asymmetry existing at the mouth for ATtype; increases,
374 the symmetric tide of ATtypeig is transformed into a positive asymmet-

375 ric tide, and the initial negative asymmetry of ATtypesy is reduced. The

20



© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

376 configuration of the EB estuary with vertical lateral boundaries generates
377 little opposition to the tidal flow, such that the induced changes in v; are
373 not very relevant for the positive asymmetric and symmetric tides, and the
sro (a)symmetries of the mouth are maintained. Furthermore, this geometry
;0 can generate an opposite effect (71 reduces) on initially deformed tides with
81 negative asymmetry, favouring an even faster ebb phase and increasing the
32 initial ebb dominance. Regarding the kurtosis spatial evolution, g2 increases
353 as tides become more asymmetric, either positive or negative, and vice versa.
s« Hence, the most intense flood or ebb currents decrease their frequencies in
35 favour of average currents for positive and negative asymmetric tides, re-
386 spectively, when go increases and vice versa when go decreases. A decrease
387 in go is observed for ATtypess in the outer half of the EA estuary when the
s negative asymmetric character is reduced. This translates to an increase in
380 the frequency of the strongest ebb currents in this area. In the EA estuary,
30 g2 always reaches lower values than in the EB estuary for all analysed sec-
301 tions, which means that the strongest tidal currents are more frequent within
32 the EA geometries than within the EB geometries. In summary, greater
303 inclinations of the lateral boundaries of the channel increase the positive
304 tidal asymmetry and counteract the negative asymmetry; however, the final
305 asymmetric character of the tide in the innermost sections is not determined
36 by this geometric aspect but rather by the initial tidal asymmetry shown at
37 the mouth. Furthermore, friction related to lateral boundaries increases the
s  frequency of flood/ebb currents for positive/negative asymmetric tides.

300 The effect of depth reduction in the three analysed tidal types is de-
a0 scribed from the hydrodynamics obtained for the EA and EC estuaries.
a1 The EC shows a linear reduction in depth in its longitudinal direction with

a2 respect to the EA estuary. This reduction implies an increase in friction
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s03 that slows down the ebb phase for all the analysed tides and stores a higher
s04 intertidal water volume in its innermost area. It is worth noting a differ-
a5 ent behaviour in the EC estuary between the outer and intermediate areas,
a6 where the depth allows the full development of every tidal range, and the
a7 innermost area, where flooding-drying processes take place. Thus, in the
a8 outer half of the estuary, the positive growth of the skew for every tidal
a0 type is slow and gradual, analogous to that experienced in estuary EA. This
a0 translates into similar effects of both types of estuaries on tidal asymmetry.
a1 However, while this positive trend stabilises in the second half of the EA
a2 estuary, it grows faster in the EC estuary due to a more evident bottom ef-
ss  fect. This growth continues until reaching a maximum-—approximately 75%
a4 of the estuary length for ATtype; and near the final section for ATtypeig
a5 and ATtypess—from this point on, a nonsignificant decay is observed, which
a6 is probably due to intertidal storage in these areas. Indeed, the asymmetry
a1z of all the analysed tides results in positive asymmetry in the interior areas
a5 of the EC estuary, and ~y; always takes higher values than in the EA estuary.
a0 With regard to go in the outer half of the EC estuary, significant changes
a0 are only observed for AT'typess, where a decrease in go, that is, an increase
421 in the frequency of occurrence of the most intense ebb currents occurs while
a2 reducing the negative asymmetric nature of the tide. In this outer area, go
a3 always adopts lower values in the EC estuary than in the EA estuary. In the
224 interior areas of the EC estuary, g2 is lower than in the same areas of the
a5 EA estuary only for ATtypesy, but it adopts higher values for ATtype; and
w26 ATtyperg. Therefore, it is deduced that the longitudinal depth reduction
227 leads to a positive tidal asymmetric character in the interior areas, regardless
a8 of the initial asymmetry at the mouth. Nevertheless, the intertidal storage

a0 in the innermost areas slows the flood-current velocities and compensates
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a0 for the positive increase in tidal asymmetry.

431 The channel-width variation effect on tidal propagation was explained by
132 contrasting the results obtained for the EA and ED estuaries. Unlike the EA
33 estuary, the ED estuary shows a linear reduction in the width of its channel
s34 that reaches zero in its innermost area. The behaviour of the tides is similar
435 in both estuaries, up to approximately half their lengths. In these areas,
136 a positive asymmetry (y; > 0) is induced by friction related to the lateral
s37  boundaries of the channels. This positive asymmetry adds, for ATtype; and
a8 ATtypeig, or counteract, for ATtypesy, the initial asymmetry that is present
430 at the mouth. As mentioned, the asymmetry of the analysed tides in the EA
a0 estuary remains practically constant in its innermost area, while negative
a1 asymmetry is induced in the ED estuary (y; < 0). This can be explained by
a2 two factors related to the morphological configuration of the ED estuary. On
a3 the one hand, the gradual narrowing of the section reduces the inclination
aa  of the lateral boundaries of the channel, which becomes practically vertical
a5 slightly beyond the middle of the estuary, and reduces the friction. On
a6 the other hand, the area of the tidal flat increases in the innermost area of
a7 the estuary ED, thereby favouring intertidal storage and counteracting the
1 deformation induced by the channel. However, as shown in Fig. [4] the final
a9 1 value depends both on the initial value of ocean tidal asymmetry and
a0 on the estuarine morphology. Regarding ¢o, the maximum values reached
ss1 in the ED estuary for the three tides were always lower than those reached
452 in the EA estuary. Therefore, it can be deduced that a reduction in the
453 channel section increases the frequency of stronger tidal currents.

454 Fig. shows the residual current maps obtained for each estuary and
55 tide in the analysed neap-spring cycles. A series of significant aspects can be

a6 drawn from this figure. On the one hand, the external tidal asymmetry plays
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a7 a major role on the residual current patterns within tidal estuaries. In gen-
s eral, an external positive asymmetry favours flood residual currents, whereas
a0 symmetric and negative asymmetric tides promote ebb residual currents.
a0 Furthermore, as can be inferred from the comparisons of residual currents
1 of EA and EB estuaries, a greater friction related to the lateral boundaries
a2 of the channel derives a flood trend. On the contrary, an intertidal storage
163 in tidal flats causes small residual currents over these areas and favours ebb
s residual currents through the channels (compare residual currents in EA
ss  with EC and ED estuaries). Fig. shows the relationship between the
a6 residual currents of the central longitudinal section of estuaries and the pair
a7 7y1 - g2. The highest residual currents in the flood/ebb direction are achieved
a8 in a balance between the highest absolute value of v1—a greater difference
a0 between the flood and ebb current intensity—and the smallest value of go—
a0 a greater relative frequency of the strongest currents. However, if tide at
a1 the mouth is symmetric (near-zero 1) and g is less than zero, ebb residual

a2 currents are induced.

24



© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

a) Residual
current (m/s)

0.015

EA estuary EB estuary EC estuary ED estuary

""" 0.01

0.005

b) XL () Residual
current (m/s)
0.01
2 B 3 o
151 % .
* " 10.005
10, 1
<05 lo
0 »
-0.5 -0.005
At
-0.01

Figure 5: 15-day residual currents of ATtype:, ATtypeis, and ATtypess along the EA,

EB, EC, and ED estuaries (a) and relationship between residual currents and the pair

Y1-g2 (b).
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3 Figs. and [5| reveal several significant aspects. On the one hand, a

4

3

a4 greater friction associated with the lateral boundaries or the bottom of the
475 channel produces a positive asymmetric trend, increases the occurrence of
a6 the strongest tidal currents and, in general, favours the flood residual cur-
a7 rents. However, a weaker friction or a significant storage capacity in the
a7s intertidal flats can generate a negative asymmetric trend, reduce the fre-
a9 quency of the strongest currents, and favour ebb residual currents. In gen-
a0 eral, due to changes in tidal phase durations, the frequency of the strongest
ss1 tidal current in the direction of asymmetry decreases as the tide becomes

a2 more asymmetric and increases otherwise.

w3 3.2. Effects of tidal asymmetry and estuarine morphology on the fate of

ag4 plastic debris

485 Fig. [6] shows an example of the temporal evolution of P, over the anal-
s ysed neap-spring cycle of the symmetric tide (AT'typeis) for different sec-
a7 tions of the EA estuary ranging from the mouth (/L = 0) to its innermost
w8 area (r/L =1). The evolution of the average probability of the plastic pres-
as9 ence in each section is explained by the marine origin assumed for the plastic
a0 debris. A high probability of plastic debris presence is found in the sections
a1 between the mouth and approximately the middle of the estuary during the
a2 first days of the neap-spring cycle, when the particles reach the estuary and
a3 begin to be transported. In contrast, an average probability of presence of
a04 plastic higher than zero begins to appear in the innermost sections of the
a5 estuary after day 10 of the tidal cycle. This implies that the plastic debris
w6 that reach the mouth of the EA estuary during the low tide of a symmetric

a7 tide do not reach the interior areas after 10 days.
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Figure 6: Temporal evolution of P, from the mouth of the EA estuary (x/L = 0) to the

innermost area (z/L = 1).

408 The P, values of the estuarine sections on day 15 of the tidal cycle
a9 were used to reconstruct the distribution of the average probability of the
so  presence of particles within the neap-spring cycle along the estuaries. Fig.
501 El shows these P, distributions (grey areas) and the percentage of particles
sz trapped on the shoreline, Py (red lines) at the end of the simulations for each
503 estuary and tide. Table [1] includes the sum of P, and P; for the analysed

s04 estuaries.
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Figure 7: Average probability of the presence of particles P, (grey area) in a neap-spring
tidal cycle and percentage of particles trapped on the shoreline P (red line) at the end of
the tidal cycle.
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> B (%) > Ps(%)

EA EB EC ED EA EB EC ED
ATtype; 81 52 93 92 21 11 28 29
ATtypesg 38 25 T2 70 5 2 19 18
ATtypess 49 23 78 T8 15 6 27 27

Table 1: > P, and Y, P; within the EA, EB, EC, and ED estuaries for ATtypes,
ATtypeis, and ATtypeas.

505 The results are shown in Fig. [7| and Table [1] indicate that the ocean
s6  tidal asymmetry significantly conditions the ability to import plastic debris
s07 in channelized geometries, such as the EA estuary. With the propagation
s8  of positive asymmetric tides, the EA estuary shows a clear presence of par-
so0 ticles (3 paTtper — 81%) for the 15 days analysed, revealing a greater
s10 probability of presence in the vicinity of the middle and final sections of the
s estuary (P’ P in 2/ L near 0.5, and 1 is close to 8%). This distribution of
512 the peak probabilities is equivalent for symmetric and negative asymmetric
513 tides, but in these cases, the peaks are located in slightly forward positions,
5. and the magnitude is significantly reduced (P’ YP?6 and P’ VP2 < 4% at
si5 the peaks). In both cases, the average presence of plastic debris was reduced
515 to approximately 38% (32 Pl WPe16) and 49% (3 P’ ™P°24). For the three
517 tides analysed, most particles located within the EA estuary moved by hy-
518 drodynamics at the end of the simulations. The percentages of trapped par-
s19 ticles (Ps) represent 21%, 5%, and 15% of the total for ATtype;, ATtypess,
soo  and AT'typeay, respectively. The accumulation occurs from x/L equal to 0.5

s21  and reaches its maximum value (5% for AT'type; and approximately 2% for
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s22 - ATtypeis and ATtypess) in the innermost estuarine section. As the sticki-
523 ness probability was defined with the same value along the entire shoreline,
524 the distribution of the trapped particles can be explained by the residual
s2s currents reflected in Fig. [Bh. Thus, in the EA estuary, the flood residual
56 currents generated by ATtype; reach their maximum value—which oscillates
s27 between 0.01 and 0.015 m/s—in /L equal to 0.5. This current generates
52 a landward residual transport of plastic debris which reaches the innermost
s20 area of the estuary to be retained (> Ps of 21%). AT'typeis generates ebb
s30 residual currents that reach 0.01 m/s at the mouth (z/L < 0.5) and there-
531 fore induces seaward transport in this area. The plastic debris remaining in
532 the inner half of the estuary is transported landward by the flood residual
s33  currents, which oscillate around 0.004 m/s, and it is accumulated (> Ps of
s B%). ATtypeas produces a residual current pattern such as ATtypeis, ex-
s35 cept that the ebb currents are limited to the section 0 < z/L < 0.25 and
s3 their maximum magnitude is 0.005 m/s. Therefore, ATtypess results in less
537 residual loss than ATtypeig and a greater accumulation of plastic debris
s3s (D Ps of 15%).

539 As in the EA estuary, the presence of plastic debris within the EB es-
590 tuary is strongly conditioned by the asymmetry of the ocean tide. How-
sa ever, the EB estuary shows the lowest capacity to import floating items
si2 - due to flood/ebb currents. The average probability of presence does not ex-
sa3 ceed 52% for positive asymmetric tides (ATtypey), 25% for symmetric tides
s (ATtypess), and 23% for negative asymmetric tides (AT typess). Regarding
ss the P, distribution along the longitudinal profile of the estuary, common
s6  patterns that differed in magnitude depending on the tidal type propagated
se7 - were observed. Thus, an increasing cumulative trend between the mouth

ss and the middle section of the estuary was observed for all analysed tidal
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50 types, and from this area, a significant reduction in the value of P, is ob-
sso served. Regarding the accumulation, it is worth highlighting only the one
ss1. produced in the inner half of the estuary because of the flood residual cur-
ss2 rents of ATtype; (0.008 m/s drives Y Py around 11%). As AT'typeis and
553 ATtypeas show ebb residual currents for the entire estuary, where the high-
s« est intensities are 0.005 m/s and occur in the vicinity of the mouth, the
55 trend does not accumulate (> Ps lower than 6%).

556 The geometries of EA and EB represent idealised channels where the
ss7  probability of plastic debris presence and accumulation depends both on
ss8  the initial tidal asymmetry at the mouths and the friction associated with
sso the lateral boundaries.

560 The geometries of the EC and ED describe estuaries with common mor-
se1  phological configurations. The P,, and Ps results from these geometries
s2  show that the distributions of plastic debris are very similar and that these
563 typologies of tidal estuaries frequently act as traps for plastic debris, regard-
se4 less of tidal asymmetry. Indeed, both EC and ED estuaries show an average
s6s probability of plastic debris presence greater than 90% for the positive asym-
se6  metric tide AT type;, approximately 70% for the symmetric tide ATtypesg,
s67  and close to 80% for the negative asymmetric tide ATtypess. The longitu-
ses  dinal distribution of P, in these estuaries shows a relative peak close to 5%
se0 around the middle of the estuary and an absolute peak at approximately
s0 20% in the innermost area. Furthermore, in all cases and in just 15 days,
s approximately between 20% and 30% of the particles were trapped in the
s72  innermost tidal flats, where residual currents were lower due to intertidal

s73 storage (< 0.002 m/s).
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4. Application to the Pas Estuary

5

J
N

55 4.1. Study site and data

576 The Pas Estuary flows into the Cantabrian Sea in the Gulf of Biscay,
s7 - northern Spain (Fig. [8h). The Pas Estuary is a shallow well-mixed estuary,
s7s where the key driver of hydrodynamics and transport is the astronomical
st tide (Galvan et al} 2010). The tide in this area corresponds to the ATtype14
seo  of the astronomical tide classification by (Nunez et all, [2020) (Fig. [Bc). The
se1 tide is symmetric with neap, mean and spring tidal ranges of approximately
s2 1.5, 2.8, and 4.5 m, respectively, and a tidal prism (Q) of 4.8 x 10% m3.
ss3 Fluvial currents are negligible compared to tidal currents (Garcia et al.,
ssa  2008; |Galvan et al., 2010).

585 The Pas Estuary shows an elongated shape with a NW-SE alignment
s6  of approximately 8 km in length and a landward reduction of the channel
ss7  section from the mouth, where the width is approximately 300 m, to the limit
sss  of the tidal influence, where the width is 50 m. Its depth is reduced from 2
50 m at the mouth to approximately 1 m at its innermost area. The tidal flats
s represent approximately 60% of the estuary and are mainly located in the
so1 outer left area. Therefore, the Pas Estuary shows an intermediate geometry
52 between the previous EC and ED estuaries. The main differences are the
s03  curves of the main channel and the location of the tidal flats, as they are in
so4  the outermost area of the Pas Estuary, but they are in the inner half of the

sos KC and ED estuaries.
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Figure 8: Pas Estuary: a) location, b) bathymetry and data points with average density
(AD) of plastic debris (i = 1,2,...,17), and c) representative tidal type and associated

water level.

so6  Bathymetric data

597 In the Pas Estuary, the areas above mean sea level (MSL) were de-
se¢  fined with topographic data LIDAR (2012), from the Spanish National Geo-

seo graphic Institute (http://centrodedescargas.cnig.es/CentroDescargas/),
0 with a density of 0.5 points/m and an altitude accuracy of 20 cm. Depths

o1 located below the MSL were obtained from the Nautical Chart 939 (Spanish

sz Navy Hydrography Office, IHM) (see Fig. [8p).

603 Plastic debris density data
604 In the Pas Estuary, plastic debris density data are available from a ma-

605 rine litter field survey performed between March 2017 and October 2017 and

s0s in 17 sampling areas (Fig. [8b) (Mazarrasa et all [2019).
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607 4.2. Numerical model setup

608 As the Pas Estuary is a well-mixed estuary, 2D hydrodynamic modelling
600 1s suitable for representing flow features. The Pas Estuary was represented
610 by a curvilinear grid covering the estuarine area with hydrodynamic con-
e11  tinuity. The grid is composed of 463 x 85 elements and shows a variable
612 resolution between 190 m in the outer boundary and 8 m in the inner estu-
613 arine area. The roughness coefficient (C') and the horizontal eddy viscosity
14 (€) are defined as in Subsection because they correspond to the common
s1s  values associated with the estuaries of the north coast of Spain (for example,
616 Barcena et all [2016; Nunez et al. 2019). The boundary and initial condi-
617 tions were defined analogously to the previous numerical experiments. Only
618 the tide was considered, and the effect of the river was not included. Thus,
s19  the 15-daily tidal series shown in Fig. [Bc—representative of the tide at the
620 mouth of the Pas Estuary—was used. The initial conditions correspond to
622 10 min after the low tide of the neap tidal range. The parameters associated

622 with the particle model are defined in Subsection

63 4.3. Spatial evolution of the tide and its effect on the presence and accumu-

624 lation of plastic debris

625 Fig. Eh—b shows the 71 and g of dn/dt for the 15 days analysed in the
626 Pas Estuary. The results are shown on maps and along two sections: A-A*—
627 which corresponds to the main channel-—and B-B*—which corresponds to
628 the tidal flats—. 71 is close to zero—the characteristic value of symmetric
620 tides—in the outer area near the estuary. However, the friction due to the
630 sedimentary accumulation at the mouth transforms the external symmetric
31 tide into a positive asymmetric tide at the mouth (y; = 0.2). Tidal propa-

632 gation through a channel whose section decreases in width and depth, i.e.,
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633 friction increases, produces a positive trend in ; that reaches a maximum
63« value of 1.4 in the innermost area of the estuary (see 71 evolution in A-A*
635 section). - also reaches values that exceed unity due to friction induced
636 by shallow water over tidal flats; however, the intertidal storage that occurs
637 mnear the boundaries of tidal flats reduces ;1 (see y1 evolution in B-B* sec-
638 tion). go, which ranges from -1.5 to 3, increases as the tide becomes more
639 asymmetric and decreases in the opposite case. The increase in ~;, which
a0 represents a greater difference between the intensities of flood/ebb currents,
641 is due to a decrease in the duration of the flood phase and, therefore, is
642 associated with a reduction in the frequency of the strongest flood currents,
643 which is represented by the increase of gs.

644 Fig. Ok shows the residual currents map associated with the above de-
o5 scribed 41 and go and Fig. [9d shows the evolution of the residual currents
a6 along of the channel (A-A* section). From such figures, it is concluded
7 that the most intense residual currents (0.1 m/s) are found in the ebb di-
648 rection and occur in the proximity of the mouth. Between the mouth and
649 Uup to approximately 3.3 km upstream, the ebb residual currents still pre-
50 dominate (0.05 m/s). However, the directions are reversed upstream of this
es1  area, where residual currents are in the flood direction and show a lower
2 magnitude (0.007 m/s). The residual current pattern described by the as-
653 tronomical tide within the Pas Estuary is analogous to that generated by
s« the symmetric tide (ATtype1s) within the EC and ED geometries (see Fig.
655 |DR).

656 Fig. [9d represents the residual currents of the Pas Estuary channel and
657 the associated 3 — go together with the pattern that relates 71, g2, and
ess  residual currents from the numerical experiments. It is verified that the

es0 relationship between these parameters in the Pas Estuary conforms to the
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es0 inferred pattern of the experiments when a symmetric tide at the mouth

=y

661 drives hydrodynamics. The highest flood residual currents occur for +; near

I

62 1 and go near -0.25, while the lowest v; and go appear associated with the

663 highest ebb residual currents.
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Figure 9: Tidal evolution through the Pas Estuary: a) Skewness (1), b) Kurtosis (g2),
¢) Residual currents (RC), d) RC along the channel (A-A* section), and e) relationship

between RC—v1 — g2 along A-A*.
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664 Fig. —b shows the average probability of the presence of particles (Py,)
s and the percentage of particles trapped on shoreline (Ps) at the end of the
ses simulation. Fig. [[0c aggregates these results along the estuary. Analogous
667 behaviours are observed from the comparison of these aggregated P, and
es Ps with those obtained by propagating ATtypeig through the EC and ED
60 geometries (see Fig. [7] and Tab. . An average presence of plastic debris
670 is observed throughout the entire estuary, with > P, equal to 60%, which
671 1s similar to that of 70% obtained for the EC and ED geometries, and the
672 highest concentrations in the innermost area. The presence of plastic debris
673 becomes important upstream of 3.3 km from the mouth—due to the flood
674 residual currents which are shown over this area—and in the curves that
e7s imply important changes in the flow direction, i.e., in areas close to 2.4, 3.3,
e76 and 4.2 km from the mouth (see Fig. ) The percentage of trapped par-
677 ticles within the Pas Estuary also follows a similar pattern than within the
ss  EC and ED geometries and shows a magnitude of the same order () P; =
s0 20%).

680 The average of P, in a 100 m radius and the average density of the
se1  plastic debris (AD) field data are compared in Fig. [L0d. The non-parametric
es2 coefficient of Spearman| (1961) (ps) was applied to estimate the correlation
683 between Py and AD (Nunez et al., 2019). Sampling areas within the Pas
684 Hstuary which show higher AD, are close to areas where numerical modelling
ess results in higher Ps, and vice versa. The pg coefficient between both series
es6 has a value of 0.78. The worst agreement occurs in the sampling areas
7 located in the outer area of the estuary (sampling areas 7, 10, 11, and 12),
ess where the waves and wind are likely influential as the tide was the only

680 driver considered for analysis.
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Figure 10: Tidal effect on plastic debris presence and accumulation within the Pas Estuary:
a) Average probability of the presence of particles associated with a resolution of 50 m
(P /dz = 50 m), b) percentage of particles trapped on the shoreline (P;/dx = 50 m), c)
accumulated P, and P along the estuary, and d) comparison between Ps and average

density of plastic debris (AD).
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s00 5. Discussion

691 Tidal asymmetry at estuarine mouths as well as estuarine morphology
602 are significant factors in determining flood or ebb dominance in tidal estu-
603 aries and, therefore, their ability to trap plastic debris.

694 Tidal asymmetry has traditionally been defined as the ratio between
605 the amplitudes of two tidal constituents and the difference between both
o6 phases (Aubrey and Speer} 1985). However, other approaches should be
607 used if tidal asymmetry arises from the interaction of a number of tidal con-
e stituents greater than two. |Castanedo et al.| (2007); Woodworth et al.| (2005)
s9o proposed the use of the PDFs of the astronomical tide level. Nidzieko (2010));
700 |Song et al. (2011) recommended the use of the y;—a parameter related to
701 the shape of the PDFs—of the tidal elevation time derivative (dn/dt) to
702 represent the difference between the intensities of flood/ebb currents. The
703 greater or lesser frequency of the strongest tidal currents in the asymmetry
704 direction can be represented by the kurtosis coefficient |Ninez et al.| (2020).
705 Consequently, the astronomical tide ability to transport plastic debris, or
706 any other material into or out of tidal estuaries can be described in a com-
707 plete way through the skewness (1) and kurtosis (g2) coefficients of dn/dt.
708 The maximum transport ability toward the interior or exterior of the estu-
700 aries is achieved as a balance between the highest possible absolute value of
70 71, which indicates a greater difference between the flood and ebb current
711 intensities, and the lowest values of go, which indicate higher frequencies of
712 the strongest flood/ebb currents for positive/negative tidal asymmetry.

713 The evolution of v; follows similar patterns for all analysed tides (sym-
712 metric and asymmetric) within the same estuarine geometry. In general,

715 the v; coefficient follows an increasing trend: positive asymmetry increases
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716 and negative asymmetry decreases, with the bottom and lateral friction of
77 the main channel. However, estuarine geometry is sometimes not associated
718 with significant friction increases. In these cases, the tidal wave may not de-
70 form during its propagation, and consequently, v; may remain unchanged or
720 even experience a negative trend if it was initially. Furthermore, in estuaries
71 that present sufficiently large tidal flat areas to counteract the deformation
72 induced by the channel, any v; may also be reduced. These conclusions on
73 tidal deformation during propagation agree with the findings of Dronkers
724 ((1986), [Friedrichs and Aubrey| (1988]), and |Speer and Aubrey| (1985), which
725 only analysed the propagation of symmetric tides. For the evolutionary
76 trend of go, it has been found that g» increases with the absolute value of
727 71, that is, when positive and negative asymmetry increase and decrease in
728 the opposite case. Specifically, go increases with the asymmetric nature of
720 the tide, indicating that the frequency of the more intense flood /ebb currents
730 decreases when tidal asymmetry becomes more positive /negative.

731 The evolution of v; and go arising from tidal propagations have some im-
732 plications for the transport and dispersion of plastic debris within tidal es-
733 tuaries. On the one hand, the tides whose asymmetry (positive or negative)
73¢ increases as they propagate show increasing differences between the flood
735 and ebb current intensities and, in principle, should show an increase in the
736 transport capacity towards the estuary for positive asymmetry or towards
737 the open ocean for negative asymmetry. However, because g9 also increases
738 with |y1], the frequency of the most intense flood/ebb currents with posi-
730 tive/negative asymmetry decreases and partially offsets the increased trans-
70 port intensity owing to v;. On the other hand, the tides whose asymmetry
71 is reduced with propagation also show a reduction in g». Consequently, as

72 long as some residual asymmetry remains, there will be a transport trend in
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73 the direction of tidal dominance due to residual currents. From the obtained
744 results, it was proven that the EC and ED geometries, which ideally repre-
75 sent common estuary configurations, always act as traps for plastic debris,
76 confirming the findings of |Acha et al.| (2003) and Mazarrasa et al.| (2019).
747 Furthermore, the accumulation of plastic debris that has reached the mouth
748 within estuaries is more likely if a positive asymmetry characterises the outer
740 area.

750 To date, few previous studies have linked ocean tidal asymmetry and ma-
751 terial transport, while all have focused on sediment transport (Moore et al.,
72 2009; [Nidzieko, [2010; Ranasinghe and Pattiaratchi, [2000). This study con-
753 ducted a novel analysis of the transport of floating plastics representative of
754 polypropylene, a material with a significant presence in the marine environ-
755 ment (Mazarrasa et al., 2019 |Zhang) [2017)), and incorporated the relative
756 frequency of the strongest tidal currents through the kurtosis of dn/dt. Sedi-
757 ment transport in tidal channels is driven by settling/erosion asymmetry as-
758 sociated with tidal current asymmetry. However, the frequency of flood/ebb
750 currents is also significant for evaluating plastic debris transport. This study
60 demonstrated the importance of including kurtosis in the analyses because
761 the ~v1-go pair explains the complete distribution of tidal currents. The
762 results indicate that the estuarine geometry conditions the probability pat-
763 terns of plastic debris presence, that is, the location of the areas of high or
764 low presence. However, the tidal type quantifies the magnitude of such a
765 probability, which is higher for positive asymmetric tides and lower for both
766 symmetric and negative asymmetric tides. This can be explained by the
77 marine origin of plastic debris and tidal asymmetry imposed on estuarine
768 mouths. If the tidal asymmetry in this area is positive, the greater intensity

70 of the flood currents would favour a greater import of plastics that have
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770 reached the mouth. Estuaries as important as the Dee estuary (on the west
11 coast of the United Kingdom), Seine estuary (northern France), and Murray
772 estuary (southern Australia), as well as the estuary where the Parand and
773 La Plata rivers flow (between Argentina and Uruguay), show positive asym-
774 metric tides in the vicinity of their mouths, which conditions their import
775 capabilities (Nunez et al. [2020). Conversely, if a tide is symmetric, its flood
776 and ebb currents would be in equilibrium, and if it is negatively asymmetric,
777 the ebb currents would be more intense. Consequently, the percentage of
77s marine plastics that accumulate in estuaries subjected to symmetric or neg-
779 ative asymmetric tides at their mouths results from the evolution of ocean
780 tidal asymmetry due to estuarine geometry and coastal trapping ability. Al-
71 most 89% of the world’s coastal areas are symmetric (77.4%) and negative
72 asymmetric tides (11.3%). The estuaries within these areas show a lower
783 ability to import plastic debris. Estuaries such as Chesapeake Bay (on the
78« east coast of the United States), San Francisco Bay (on the west coast of
75 the United States), Thames Estuary (southeast coast of the UK), and Pas
786 Estuary (northern coast of Spain) show symmetric tides at their mouths.
77 The Severn Estuary (southwest coast of the UK), Swan River Estuary, Peel-
7ss  Harvey Estuary, Wilson Inlet (on the southwest coast of Australia), Tomales
780 Bay, Elkhorn Slough, and Tijuana River Estuary (in California), and Venice
70 Lagoon (in the North Adriatic Sea) show external negative tidal asymmetry
791 (Ntunez et al., 2020).

792 It would be interesting for further research to analyse new representa-
703 tive estuarine geometries (e.g. larger bays), possible litter sources (e.g. river
704 sources or uniform distributions of plastic debris), and the effects of plastic
795 debris that reach estuaries in different tidal phases. Moreover, various fac-

796 tors in addition to tide may be influential and warrant further study, such
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797 as river discharge, temperature, and salinity gradients, wind patterns, and
796 waves (Browne et al., 2010; (Carson et al., 2013; |Zhang, 2017)), the intrinsic
790 properties of plastic debris such as specific density, size, and shape (Barnes
so et all [2009; Kowalski et al., 2016} |Chubarenko et al., 2016)), and estuarine
so1 trapping ability (Mazarrasa et al., 2019; Viehman et al., 2011)). The specific
so2 density, size, and shape of plastics influence buoyancy and therefore affect
803 the transport and fate of plastic debris in marine environments. Depending
s« on these features, plastic debris can be transported over the surface, in the
sos  water column, or through the bottom. To include this effect in the mod-
sos elling, different values can be defined for the ”specific density” and ”settling
sor velocity”, which also depend on the size and shape of the particles (Isobe
sos et al., 2014). Further laboratory studies are needed to acquire knowledge
soo about these parameters and improve the quality of plastic debris modelling.
sio  Coastal trapping ability is decisive in the fate of plastic debris inside es-
sin  tuaries. This parameter shows spatial variability within each estuary and
s12 is strongly correlated with the presence and type of vegetation as well as
s13 with the flood-ebb regime. Studies such as those by |[Mazarrasa et al.| (2019);
si2 |Viehman et al|(2011) have detected high concentrations of plastic debris in
s1is  the high marsh areas of estuaries that become especially significant in veg-
si6 etated areas. This feature can be included within the modelling framework
sz through the beaching parameter, one of the key parameters related to the
sis  modelling of the transport of any material. For substances such as hydrocar-
810 bons, there are specific studies that analyse the trapping ability of different
820 types of shorelines and define these parameters for some oil spill models.
s21 In the case of plastic debris, there is insufficient knowledge about the in-
82 teraction between different types of debris and different types of shorelines

g3 (Nunez et al., 2019). Overall, research on the transport and fate of plastic
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8¢ debris within estuaries is still in its infancy, and there are many open fronts

g5 worth addressing in future research.

g6 6. Conclusions

827 This research studies novel aspects of the effect of ocean tidal asymmetry
828 and estuary morphology on tidal propagation and the fate of ocean plastic
820 debris within tidal estuaries. Numerical experiments were performed by ap-
g0 plying the hydrodynamic and Lagrangian transport models of Delft3D to
g1 four estuary types—corresponding to tidal creeks and defined by different
82 cross-sectional areas that cause different frictions and tidal flat extensions—
s33  using three tidal types (selected according to their asymmetry) as boundary
s« conditions. The parameters were selected to describe the tidal nature (i.e.,
835 skewness, which represents tidal asymmetry, and kurtosis, which refers to the
836 frequency of the strongest tidal currents of the tidal elevation time deriva-
ss7 tive) and estuarine morphology (i.e., lateral boundary inclination, depth,
sss  and width of the main channel). In addition, this approach was applied
89 to a real estuary, and a comparison with field data on plastic debris was
a0 performed. The results confirm previous findings regarding the evolution of
s symmetric tides and provide new considerations regarding the evolution of
82  asymmetric tides and their effects on plastic debris distribution.

843 Symmetric tides evolve to positive asymmetric tides with propagation
a4 as the boundary and bottom friction of the channel increases; conversely,
ss  tidal asymmetry may experience a negative trend if the friction associated
a6 with lateral boundaries is weak or if the tidal flat area is large enough to
a7 counteract the effect of the channel. Symmetric tides explain the behaviour

sz of estuaries located in 77.4% of the world’s coastal areas; however, in the
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a0 remaining 22.6%, the tides show positive or negative asymmetry. As with
g0 symmetric tides, evolutionary trends of asymmetric tides are modulated by
g1 estuarine geometry, and the coefficient of skewness follows the same pat-
g2 tern; nevertheless, the value adopted by tidal skewness within estuaries is
853 also conditioned by its external value. Analysing the propagation of asym-
s« metric tides reveals that the initial skewness present at the mouths strongly
sss conditions flood or ebb dominance and, therefore, the import of ocean plastic
ss6 debris in estuarine areas where the main channel shows low flow opposition
g7 and favours tidal circulation. In this type of geometry, positive tidal asym-
sss  metry demonstrates an import capacity 50% higher than that of symmetric
g0 and negative asymmetric tides. In contrast, if there is a clear opposition to
g0 the flow or an important intertidal storage area, the relevant role in defining
g1 flood or ebb dominance is played by the geometry of the estuary, although
82 small influences of the external tidal asymmetry are also appreciated. Thus,
863 the probabilities of plastic debris presence are approximately 90% for pos-
se+ itive asymmetric tides and 70-80% for symmetric or negative asymmetric
ges  tides.

866 The import and distribution of plastic debris within estuaries are not
g7 exclusively determined by the positive or negative skewness values—the kur-
ses  tosis coefficient plays a notable role. The regulatory role of kurtosis, which
seo corrects the tendency induced by skewness in the fate of plastics within tidal
g0 estuaries, is a key novel finding of this study. As the kurtosis increased, the
sn1  asymmetric character of the tide increased as well. Thus, the frequency of
sz the strongest flood currents is reduced for positive asymmetric tides and vice
a3 versa for negative asymmetric tides. Consequently, the astronomical tide’s
s74 ability to transport plastic debris into or out of the estuary can be described

a5 comprehensively through the skewness and kurtosis coefficients.
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