
Highlights

Observations and idealized modelling of microplastic transport in

estuaries: the exemplary case of an upwelling system (Rı́a de Vigo,

NW Spain)
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Abstract

Microplastics (MPs) pollution in marine environments has received con-

siderable attention over the past two decades due to the increased awareness

of its potential risks to ecosystems. Numerical simulations can be used to

provide estimates of MPs fate and distribution, but so far this approach has

been largely applied to the open ocean. In this work, the distribution patterns

of MPs in a prototype coastal upwelling environment (Ŕıa de Vigo estuary,

Spain) is investigated using a combined approach of field data and modelling.

Water and sediment samples were collected at different locations along the

Ŕıa during both upwelling and downwelling conditions. Experiments using

an idealized 2D-vertical model were conducted to explain the observed MP

distribution and elucidate the relative importance of river discharge, wind-
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driven and density-driven circulation. Microplastics were found at all stations

in all samples. The largest observed fraction of MPs corresponded to fibres

followed by plastic paint sheets and fragments. The trapping or flushing of

MPs was mainly controlled by the wind forcing, whose effects on the circu-

lation normally exceeds those of the density-driven and river flows. During

upwelling conditions, more MP items were collected near the surface at the

outer half of the estuary than during downwelling. The seaward near-surface

circulation induced by the wind-driven and density-driven jointly contributed

to flushing out floating MPs. Near the bottom, the landward wind-induced

and gravitational circulation formed estuarine MP maxima (EMPM) inside

the estuary. Pellets, fragments, and films were more efficiently trapped than

fibres, as their EMPM were located more upstream. The results suggested

that downwelling-favourable winds caused an overall landward (seaward) dis-

placement of the distribution of floating (sinking) MPs. Modelling results

indicate that winds dominate the circulation in the outer part of the estuary,

whereas near the head the gravitational circulation takes over the control of

the net flow. The particular location of the EMPM appears to be controlled

by the competition of density-driven and wind-driven flows.

Keywords: Microplastics, Estuarine dynamics, Ŕıa de Vigo, Trapping,

Sampling, Mathematical models, Vertical distribution, Suspended

particulate matter

1. Introduction1

The large-scale production of plastics began around 1950. The versatility2

of plastics combined with their low cost, the global population growth and3
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the increase in widespread consumption habits have led to an exponential4

increase in the demand of this material worldwide. According to Geyer et al.5

(2017), 6300 million Mt of plastic waste has been produced between 1950 and6

2015, of which only 9% has been recycled, 12% incinerated, and the other7

79% is accumulated in landfills or the environment.8

Seas and oceans are the final destinations of a large fraction of the plastic9

waste released into nature since they are at the lowest level in the drainage10

direction of inland waters. According to Jambeck et al. (2015), between 4.811

and 12.7 million Mt of plastic enters the marine environment yearly. The12

proliferation within the marine environment of plastic particles below 5 mm,13

the so-called microplastics (MPs), is of particular concern. Primary MPs14

(i.e., purposefully manufactured to be small) include micro-beads in cosmetic15

preparations, scrubbers used in air-blasting technology, microspheres used as16

carriers of medications into body tissues or virgin plastic production pellets17

(Cole et al., 2011). However, the vast majority of MPs in the oceans is be-18

lieved to originate from larger plastic items that fragment (secondary MPs).19

This weathering process occurs particularly rapidly in the beach environment20

(Andrady, 2011). Due to the diversity of origins and polymer compositions,21

the physical characteristics of MPs span a wide range of shapes (e.g. spheres,22

fibre, film, irregular, etc.) and densities (from 16 to 2200 kg m−3 according23

to Nizzetto et al. (2016)), which results in very different behaviour in the24

aquatic environment.25

Microplastic pollution in marine environments is currently receiving much26

attention due to the increased awareness of its potential risks to human27

health and wildlife. Microplastics may physically harm marine organisms28
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once ingested, by internal abrasion and ulceration, as well as obstruction and29

blockage of the digestive system (Wright et al., 2013). These physical effects30

may be enhanced by toxic responses due to chemicals contained within the31

plastic itself (e.g. additives) or pollutants adsorbed from the surrounding32

environment (e.g. persistent organic pollutants and metals) (Mato et al.,33

2001; Holmes et al., 2014).34

This growing concern has led to numerous studies on the abundance and35

distribution of MPs in the marine environment, most of which focused on36

the open ocean (Cózar et al., 2014; Onink et al., 2019). The large-scale37

oceanic gyres have been extensively studied (e.g. Maximenko et al., 2012;38

Lebreton et al., 2012). However, much of the plastic debris that makes its39

way out to sea comes from land-based sources, via rivers and their estuaries.40

Based on global estimations (e.g. Kershaw, 2016), land-based sources (such41

as WWTP, coastal landfills, etc.) contribute to around 80% of marine litter42

worldwide. Sea-based sources, derived from activities such as fishing and43

maritime transport, represent the remaining 20%. Related to the land based44

sources, it is also important to mention that around half of the world’s pop-45

ulation lives in coastal areas, within ∼ 60 km from the shoreline (Kershaw,46

2016). So, emissions directly associated with anthropogenic activities such47

as those from (e.g.) ports are very important as a direct source.48

Transitional areas between the land and the sea thus constitute a key zone49

to monitor plastic emissions to the world’s ocean and to prevent plastic waste50

from reaching the ocean. The study of fluxes, trapping zones, and degrada-51

tion of MPs in transitional waters is a very promising research area, which52

has received little attention so far (Windsor et al., 2019; Simon-Sánchez et al.,53
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2019). As a result, the role of estuaries on the flushing or trapping of MPs54

from land to sea remains largely unknown. Estuaries act as accumulation55

areas for sediments, nutrients and pollutants (Eisma, 2012), which suggests56

that they can be, not only a source of MPs pollution for coastal waters but57

also a potential sink of land-based MPs sources. Some recent studies have58

evaluated the input of plastic pollution entering the sea from river basins59

(Lebreton et al., 2017). However, these studies do not consider the transi-60

tion zone from the river mouth to the open ocean, which could reduce the61

amount of MPs ultimately transported to the sea. An observation supporting62

this view has been made in the recent study by Xiong et al. (2019), which63

shows that a considerable amount of MPs generated in large river catchments64

are not transported to the sea, due to the existence of traps for MPs along65

the river-estuary continuum. As a consequence, past modelling estimates66

of MPs fluxes may contain biases which can only be addressed by gaining67

a deeper understanding of the transfer pathways from rivers to the open68

sea, and identifying the hot-spots (or Estuarine MP Maxima, EMPM) for69

MPs concentration in estuaries and their meteorological and oceanographic70

drivers.71

Intending to filling this gap, this research addresses the following objec-72

tives:73

1. To quantify concentration, properties, and distribution of MPs in a74

prototype coastal upwelling system,75

2. To unravel the relative influence of the river discharge, the wind-driven,76

and the density-driven circulation on the MPs distribution, and77

3. To identify the trapping conditions of MPs in the estuary, both at the78
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bottom and near the surface.79

These objectives were addressed employing a combined approach of ob-80

servations and modelling in the Rı́a de Vigo, which is a prototype estuarine81

system subject to seasonal variations induced by the large-scale wind patterns82

driving upwelling and downwelling. To address the first research objective,83

water and sediment samples at the near-surface and bottom, respectively,84

were collected at different locations along the Ŕıa under different meteoro-85

logical and oceanographic conditions. Concentration and distribution of MPs86

in the Ŕıa, as well as shapes, type of plastic, and color, were determined. To87

address the second and third questions, an idealized model (2D-vertical) was88

implemented to evaluate the distribution of MPs, and gain basic knowledge89

into the transport mechanisms that control their along-estuary and verti-90

cal distribution. The approach adopted here to determine concentrations of91

both sinking and floating MPs in the Rı́a de Vigo builds upon that devised92

by Talke et al. (2009b), which succeeded in explaining the main features of93

the circulation and suspended sediment patterns in estuaries. Model output94

was compared with field observations in the Ŕıa de Vigo. This approach95

allowed the quantification of the role of the circulation induced by various96

factors (river discharge, wind-driven and density-driven circulation) on the97

distribution of MPs in the Ŕıa de Vigo.98

The manuscript is organized as follows. Section 2 describes the study99

area in which this study is carried out, the sampling and MP processing100

methods, and the idealized model approach. Section 3 presents the analyses101

of the observations and the model results on the circulation and the MPs102

distribution in the Ŕıa de Vigo. The implications derived from the analysis103
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of observations and modelling results are discussed in Section 4. Finally,104

Section 5 summarizes the main conclusions of this study.105

2. Materials & Methods106

2.1. Rı́a de Vigo107

The Rı́a de Vigo (Fig. 1) is located in the NW coast of the Iberian Penin-108

sula, which is part of a coastal upwelling ecosystem at the eastern North109

Atlantic. The middle and inner Ŕıa comprises over L = 16 km from its110

mouth to the head at Rande Strait. This part of the Ŕıa is strongly conver-111

gent, i.e., it shows widths that vary from 11 km near the mouth to 0.7 km112

at the head, and typically shows a weak lateral circulation due to the nar-113

rowness of the basin (e.g. Barton et al., 2015). Along-channel mean depth is114

about 30 m, with its maximum near the mouth (40 m). Tides are mesotidal115

(lower than 4.5 m), and the high depths sounded in the Ŕıa often cause a116

partially-mixed water column structure.117

The climate in the Ŕıa de Vigo is warm-summer Mediterranean, often118

cooled by ocean currents, according to Köppen classification. Shelf winds119

exhibit marked seasonal variations in magnitude and duration associated to120

the NE Atlantic climate. The upwelling and downwelling-favourable winds121

are important drivers of the circulation patterns in the Ŕıa de Vigo (e.g.122

McClain et al., 1986). Upwelling conditions prevail from March-April to123

September-October favoured by northern winds (e.g. Gilcoto et al., 2007).124

The Ŕıa de Vigo exhibits along its central and inner parts a positive estu-125

arine circulation, i.e., fresher outflows near the surface and inflow of denser126

seawater near the bottom (Taboada et al., 1998). This situation coincides127
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with periods of relatively low precipitations, which yield low river flows from128

the Oitaven and Verdugo rivers (Fig. 1). These rivers, both located at the129

estuary head, supply most of the freshwater runoff to the Ŕıa. The monthly-130

averaged discharges of the Oitaven and Verdugo rivers range approximately131

between 1 m3s−1 and 7 m3s−1, and between 0.5 m3s−1 and 6 m3s−1, respec-132

tively, during those upwelling periods. Secondary freshwater sources are the133

Lagares and Alverosa rivers.134

The rest of the year downwelling-favourable winds prevail and freshwater135

discharges increase (wet season). Monthly-averaged discharges from Oitaven136

and Verdugo attain values as high as ∼ 27 m3s−1 and ∼ 18 m3s−1, respec-137

tively. During those conditions, a wind-induced reverse or negative estuarine138

circulation may arise in the Rı́a, thereby showing landward flow near the139

surface and return flow near the bottom (Villacieros-Robineau et al., 2013).140

During high river discharge and downwelling conditions, the buoyant plume141

of the Miño River may influence the Ŕıa de Vigo circulation. The Miño River142

is the most important river flowing near this coastal system and periodically143

influences the Rı́a de Vigo waters. Monthly-averaged discharges from the144

Miño approximately range between 100 m3s−1 in summer and 800 m3s−1 in145

winter (Sousa et al., 2014). The Miño plume may freshen the waters at the146

mouth of the Ŕıa de Vigo, thereby promoting a density-driven negative cir-147

culation inside. These events, which have received ample attention recently148

(Sousa et al., 2014; Des et al., 2019), are characterized by the landward in-149

trusion of fresher coastal waters at the surface and a compensating seaward150

flow near the bottom.151

Regarding its environmental status, the Ŕıa de Vigo is subjected to strong152
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human impacts (Fernández et al., 2016). At present, the estuary and its153

immediate surroundings are highly urbanized hosting ∼ 428000 inhabitants154

clustered in 8 municipalities. The urban pressure is especially important at155

the central zone of the south seashore, where the city of Vigo is located. The156

surroundings of the Ŕıa de Vigo are characterized by an important industrial157

presence which stimulates the traffic of goods through the Port of Vigo.158

This is also one of the main fishing ports in the world (e.g. Lopes et al.,159

2013). Urban and industrial activities carried out in the inner part of the Ŕıa160

coexist with fishing and mollusk culture (mainly mussels), whose production161

is favoured by the upwelling conditions. In spite of the generalized impact162

that the Ŕıa de Vigo sustains, some areas with a low degree of affection still163

persist that therefore possess high environmental value. Some other studies164

have focused on the presence of chemical pollutants in the Ŕıa de Vigo (Viñas165

et al., 2009; Quelle et al., 2011) showing different degrees of pollution.166

2.2. Field Data167

Water and sediment samples were collected in the Rı́a de Vigo, and sub-168

sequently processed in the laboratory, to analyze the MPs properties and169

distribution. Samples were taken during the flood phase of the tide. Sur-170

face seawater samples were collected at stations U1, U2 and U3, which are171

located at the lower half of the estuary (Fig. 1), during the oceanographic172

cruise “Radial Vigo” in March and September 2017, using a manta trawl net173

(3.5 mm in length with a 300μm mesh size). The size of the rectangular net174

opening was 60 × 11 cm. Each sample was obtained at an average speed of175

3 knots for 10 minutes. The volume of water sampled was calculated as the176

product of the mouth area and the tow distance. On land the water sam-177
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Figure 1: Location of the study area in the Iberian Peninsula (panel a) and in the Atlantic

margin of Galicia (panel b); Bathymetric contour map overlaid onto an aerial image of

the Ŕıa de Vigo estuary (panel c), showing: the main rivers flowing into the estuary, the

location of Vigo city and Ćıes Islands (National Park), the Vigo Waste Water Treatment

Plant (WWTP) discharge point (filled brown ellipse), the cross-sections used to set up the

numerical model, and the position of the sampling stations for surface and bottom waters

(U1 to U3, and L1 to L6, respectively).
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ples were processed according to the standardised protocol for monitoring178

microplastics in seawater developed in the JPI-Oceans BASEMAN project179

(Gago et al., 2018).180

Sediment samples were collected during the IMPACTA Cruise in 2015181

by means of a Box Corer dredge (10.5 × 17.0 × 34.5 cm3). Sediments were182

collected at stations L1-L6 along the Ŕıa de Vigo (Fig. 1). Only the first183

∼ 5 cm surface bottom sediment were collected to study the plastic pollution.184

The samples were taken with a stainless-steel slicer and kept in aluminum185

trays. All samples were frozen at −20◦C for further analysis.186

Following the protocol by Frias et al. (2018), sediment samples were de-187

frosted at room temperature. To determine the water content, 3 g of sediment188

were weighed in aluminum cups and introduced in a drying oven at 70◦C for189

24h and brought to a constant weight. To extract the MPs, a density sep-190

aration method was used (e.g. Masura et al., 2015). For each sample, 100 g191

of sediment were vigorously mixed with 250 mL of a hypersaline solution of192

NaCl (1.2 g/cm3) during 5 min. After 30 minutes, the heaviest materials set-193

tled down and the supernatant was filtered with the Millipore vacuum pump194

onto the Whatman GF/C filter.195

The following methodology was common to the samples collected at U1-196

U3 and L1-L6 stations, i.e., to bottom and surface samples, respectively.197

Filters obtained after the laboratory procedure were examined under the198

stereomicroscope with magnifications ×0.63 − ×8 (Leica S8AP0, Leica Mi-199

crosystems GmbH, Wetzlar, Germany with image analysis system (Carl Zeiss200

Axiocam ERc 5 s camera and Zen 2012)), in order to visually identify and201

classify plastic particles according to their size, colour and type. In order202
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to determine whether a particle is plastic, it should meet the criteria estab-203

lished by Hidalgo-Ruz et al. (2012). The particles found in the filters were204

photographed and processed with ImageJ program to accurately measure205

their size and area. The microplastics were classified in six categories ac-206

cording to their type: fibres, filaments, fragments, pellets, rubbers, films and207

paint sheets following (Crawford and Quinn, 2016). Figure 2 shows observed208

examples of identified plastics with different shapes, sizes and colors.209

Contamination controls were carried out both on the vessel (during sam-210

ple collection) and in the laboratory (during the extraction and analysis of211

the filters under the stereomicroscope). They were performed for each sample212

and consisted of paper filters on Petri dishes exposed to the same possible213

sources of contamination as the sample being processed. These controls were214

analyzed under the stereomicroscope and the plastic particles found were215

subtracted from the results of the samples. Only 7 fibres were found in the216

contamination controls on board and laboratory, which were subtracted from217

the total results. Special care was taken to avoid the contamination during218

collection, extraction and visual identification of MPs. Only cotton labo-219

ratory coats were used, as recommended by Woodall et al. (2015). All lab220

material used was free of plastics.221

Regarding meteorological and oceanographic conditions on the shelf, data222

were obtained from the Silleiro buoy. Sea level data were obtained from the223

Vigo2 tidal gauge. These stations are property of the Puertos del Estado224

government agency (State-owned Spanish Port, Ministry of Public Works)225

(http://www.puertos.es/es-es/oceanografia/Paginas/portus.aspx). Bathy-226

metric information was extracted from the EMODnet Digital Terrain Model227
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Figure 2: Plastic samples in the Ŕıa de Vigo: Tangled fibre (a), white film (b), collection of

colored fibres (c), filament (d), paint sheets (e), colored fragments (f), filaments degrading

into fibres (g), semi-transparent film and white fragment (h), and black and white rubbers

(i).
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(http://www.emodnet-bathymetry.eu/data-products) at the cross-sections.228

Mean depths are referenced to the REDMAR datum at Vigo (http://www.229

puertos.es). Freshwater discharge records for the Verdugo and Oitaven230

rivers (stations 1585 and 1586, respectively) were collected from the database231

of the Spanish Centre for Studies and Experimentation in Public Works232

(http://ceh-flumen64.cedex.es/anuarioaforos/default.asp). Finally,233

times in this work are provided in mm/dd/yy format.234

2.3. Idealized Model235

2.3.1. Basic Equations236

Subtidal circulation was modeled following Talke et al. (2009b); de Swart237

et al. (2009), which succeeded in explaining the main features of the circula-238

tion and suspended matter patterns in different estuaries. The module that239

determines MP concentrations in estuaries is regarded as an adaptation of the240

model devised by Talke et al. (2009b) for suspended sediment concentration,241

but also allowing for concentrations of floating litter.242

The longitudinal current u(x, z) is determined from an adapted version of243

the steady, linearized width-averaged shallow water equations (Hansen and244

Rattray Jr., 1965; Officer, 1976). The model includes the contribution due245

to the river, density-driven, and wind-induced flows (see Fig. 3). At the246

bottom, a no-slip condition is imposed. The model is forced at the landward247

boundary with a given freshwater discharge QR and a horizontal salinity248

(density) gradient ∂S/∂x due to a given along-estuary density distribution,249

which is prescribed and assumed to be independent of depth. The model250

assumes a rigid-lid approximation and a wind-induced shear stress τw at the251
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Figure 3: Sketch of the lateral view of the model domain and the processes considered in

the idealized model. Notice that salinity (density) distribution profile, depth, wind and

width (not shown) are functions of the along-channel coordinate x. Types of MPs with

negative (ωMP > 0) or positive buoyancy (ωMP < 0) are considered.

surface. The subtidal longitudinal currents thus read252

u(x, z) =
gH3β

48ρ0Av

∂S

∂x
pD +

3QR

2Hb
pR +

τwH

4ρ0Av

pW , (1)253

Here, x and z are the longitudinal and vertical coordinates, positive upstream254

and upwards, respectively. Their origins are the estuary mouth and the255

free surface, respectively. Thus, positive currents u > 0 are landward while256

negative values indicate seaward currents. The geometry of the estuary is257

defined by a depth H(x) and width b(x) determined from the data sources.258

The polynomials pD(ξ) = 1−9ξ2−8ξ3, pR(ξ) = 1−ξ2, and pW (ξ) = 1+4ξ+3ξ2259

with ξ = z/H account for the vertical structure of the density-driven, river,260

and wind-induced flow, respectively, at a given point x. The vertical eddy261

viscosity coefficient Av is considered depth-independent. The gravitational262

acceleration is g = 9.8 m s−1. The parameter β = 7.6·10−4 psu−1 is the haline263

contraction coefficient. Reference constant density values for freshwater and264

air are ρ0 = 1000 kg m−3 and ρa = 1.22 kg m−3. The shear induced by the265
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wind is τw = ρaCDaua|u10|, with u10 the wind velocity vector and ua its266

along-channel component. Positive (Negative) values of ua indicate landward267

(seaward) winds. A standard value CDa = 1.28 · 10−3 for the air-water drag268

coefficient is considered.269

The spatial distribution of both floating and suspended MPs in estuaries270

is estimated from the subtidal concentration equation. Each type of MP is271

assumed to have a constant terminal velocity ωMP. This value is positive272

if the MPs sink, and negative for floating MPs. The vertical distribution273

of subtidal MPs concentration is obtained imposing that the vertical flux of274

MPs is balanced by turbulent diffusion. This reads,275

c(x, z) = cb(x) exp (−ωMP (z + H(x)) /Kv) , (2)276

where cb(x) is the MPs concentration at the bottom, which is determined first277

assuming that the estuary is at equilibrium conditions at each cross-section278

x of the estuary, i.e.,
∫ 0

−H

(
u b c− bKh

∂c
∂x

)
dz = 0 (net transport vanishes).279

The equilibrium distribution of MPs is found using the constrain that the280

total mass of MP in the domain is conserved. This yields an implicit solution281

for A(x) exp (F (x, cb(x))) that is solved iteratively (Talke et al., 2009a,b).282

2.3.2. Design of Experiments283

Two series of modelling experiments were designed to explain the ob-284

served distribution patterns of MPs in the Ŕıa de Vigo and evaluate the285

relative importance of river discharge, wind-driven, and density-driven cir-286

culation.287

A first series of experiments was carried out to verify the ability of the288

idealized model to simulate as close as possible the main features of the289
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2D-vertical circulation and salinity field in the Ŕıa de Vigo (Gago et al.,290

2011). For the model verification in the Ŕıa, an intrusion event of the plume291

of the River Miño at 01/22/10 was chosen for having recent and complete292

circulation data, as were reported by Des et al. (2019). Intrusion of the Miño293

River plume is characterized by higher surface salinity values inside the Ŕıa294

than at the mouth. This typically occurs when moderate to high discharges295

occur and northward winds blows over the shelf (e.g. Sousa et al., 2014). The296

vertical eddy viscosity coefficient Av was fitted to mimic the observations.297

All the details on the model verification are provided in the Supplement298

(Appendix A).299

Once the model was verified and Av determined, the second series of ex-300

periments, which is presented in the Results section, was designed to study301

the response of the Ŕıa de Vigo during upwelling and downwelling conditions.302

The modelled distribution pattern of MPs was examined and the relative im-303

portance of the freshwater discharge, the wind-driven and the density-driven304

circulation were quantified. Modelled distributions of MPs were compared305

with the observed distribution in the Ŕıa during those conditions. This al-306

lowed for a better understanding of the basic mechanisms that control the307

distribution of MPs in the Ŕıa de Vigo. For both upwelling and down-308

welling conditions, realistic along-estuary salinity profiles and net freshwater309

discharges from Oitaven and Vedugo were set according to Gilcoto et al.310

(2007); Des et al. (2019) (expressions in Table 1). Following Souto et al.311

(2003), wind velocity was chosen to linearly decrease from the mouth to312

Rande Strait. Only the along-estuary component of the wind velocity vec-313

tor, which is the most significant, was considered. Local winds generally314
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Table 1: Forcing conditions (upper rows) and model parameters (lower rows) for the

default upwelling and downwelling cases. Distance x is given in km.

Parameter Downwelling Upwelling

Freshwater discharge, QR

(
m3s−1

)
40 13

Along-estuary wind velocity, ua
(
ms−1

)
10 (1− 0.15x/L) −5 (1− 0.15x/L)

Along-estuary salinity profile, S (psu) 34.5
2

(1− tanh (x−25
7

)) 35.8
2

(1− tanh (x−25
5

))

Vertical eddy viscosity, Av
(
m2 s−1

)
0.0045 0.0045

Vertical eddy diffusivity for S, Kv,s
(
m2 s−1

)
0.0045 0.0045

blow along the axis of the Ŕıa because of the particular orography (López315

et al., 2001). Experiments to test the sensitivity of the MPs distribution pat-316

terns to uniform winds and mean salinity gradients were performed for both317

upwelling and downwelling conditions, as well as for MPs with positive and318

negative buoyancy. Wind velocities |ua| that ranged from 5 m s−1 to 15 m s−1
319

and (scaled) mean salinity gradients −L∂S/∂x from 0.2 psu to 3 psu were320

considered. Further cases with QR = 5 m3s−1, 50 m3s−1 and an additional,321

unrealistic case with 500 m3s−1 were simulated to test the sensitivity of the322

trapping conditions to the freshwater discharges during upwelling. Pellets,323

fibres and fragments (e.g. fishing cuts) in the Rı́a de Vigo were the types324

of MPs considered. Effective MPs properties are indicated in Table 2. For325

all cases, vertical exchange coefficients were set with the values shown in326

Table. 1. The grid of the model is 300 × 100 cells in the along-channel and327

in the vertical direction. The total concentration of MPs in the estuary was328

normalized to unity.329

18



Table 2: Effective plastic properties as inputs of the idealized model: type, terminal

velocity ωMP, plastic density ρp, and radius Rp, which is estimated from water-plastic

density difference and the Stokes’ law, i.e., ωMP = 2(ρ − ρp)R
2
pg/(9η), with η = 9 ·

10−2 kg sm−1 the viscosity of water.

Type ωMP (m s−1) Plastic density ρp (kgm−3) Radius Rp (m)

Pellet ±0.02 700− 1100 a 1− 4 · 10−4

Fishing line cuts ±0.0067 b 1135 c 0.075 b

Fibres ±1.31 · 10−7 c - -

(a) Ballent et al. (2013); (b) Khatmullina and Isachenko (2017); (c) Wegner et al. (2012).

3. Results330

3.1. Observations331

Microplastics were found in all water samples at the surface at all stations332

both during upwelling and downwelling conditions (Fig. 4, upper and lower333

panel, respectively). During the field campaigns of March and September334

2017, a total of 205 plastic items were counted near the surface. The most335

predominant shape was fibres (56%), followed by paint sheets (15%), fila-336

ments (7%) and fragments (6%). Fibres and paint sheets account for over337

70% of the plastic collected in the water surface. The rest of shapes were338

present in minor proportion: films (4%), rubbers (2%) and pellets (1%). The339

percentage of macrofibers was 9% more abundant in March 2017.340

Overall, more MP items were found at all stations during spring upwelling341

conditions (U1 (34), U2 (46) and U3 (37)) than during autumn downwelling342

conditions (U1 (22), U2 (31) and U3 (35)) (Fig. 4, upper and lower panels,343

respectively). During spring upwelling conditions, an average concentration344

of 0.64±0.10 MPs m−3 (mean±std) was measured in the estuary, i.e., consid-345

ering all stations. During downwelling conditions, 0.48 ± 0.11 MPs m−3 were346
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observed. Regarding the analysis by stations, U2 was slightly more polluted347

than U1 and U3, with average concentration values of 0.63 ± 0.17 MPs m−3.348

The next more polluted stations were U3, which exhibited a MP concentra-349

tion of 0.59 ± 0.02 MPs m−3 and U1, with 0.46 ± 0.14 MPs m−3.350

Regarding the color, which might give clues on the plastic origin, 44%351

of the samples were blue, followed by black and transparent in the same352

numbers (14%, respectively) and red (12%). Other colours were found in353

lesser proportions: green (6%), white (4%) and others like pink, purple and354

orange in (6%). The dominant colours of paint sheet were red and green. By355

contrary fibres were mostly blue and black. Filaments were transparent and356

pellets white.357

The mean size of plastics found in seawater in Ŕıa de Vigo was 3.54 ±358

4.78 mm considering all stations. The most observed range is 2−5 mm (38%),359

followed by 1 to 2 mm (21%), 1 to 0.5 mm (13%) and 0.5 to 0.3 mm (4%).360

The 24% of the plastics identified were larger than 5 mm.361

The results of the sampling campaign at the bottom of the Ŕıa de Vigo362

are shown in Fig. 5. A total of 280 MPs were observed in the bottom sam-363

ples. The upper (lower) panel shows the concentration of MPs found in364

upwelling (downwelling) conditions. Overall, the largest observed fraction of365

MPs corresponded to fibres (yellow bars), which, given their shape and small366

size, were distributed throughout the estuary during both seasons. The next367

most abundant fraction was that of fragments (green bars). According to368

the observations, pellets (red) and films (black) were present in a smaller369

fraction. Comparing the observations under upwelling (upper panel) and370

downwelling (lower panel) conditions, it can be noticed that the amount of371
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Figure 4: Number of MP items sampled along of surface water stations U1-U3 shown

in Fig. 1, during upwelling conditions (upper panel) and downwelling conditions (lower

panel).
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MPs (of any type) was larger in upwelling than in downwelling conditions,372

except at L6 station (mouth). Regarding the different types, fibres seemed to373

concentrate more in the upstream stations under upwelling conditions, while374

concentrations under downwelling conditions were lower in the inner part375

of the estuary that at the mouth. Under upwelling conditions, fragments376

were more efficiently trapped inside the estuary, with the highest concentra-377

tions being observed at station L4. On the contrary, downwelling conditions378

resulted in an overall displacement downstream of the distribution of frag-379

ments, which reaches the highest concentrations beyond the mouth (station380

L6). Pellet and film showed similar behavior. While these materials were381

trapped inside the estuary during the upwelling season (maxima at stations382

L2 and L4), their distribution was displaced downstream under downwelling383

conditions (maxima at stations L3 and L5).384

3.2. Model385

3.2.1. Distribution of MPs386

Upwelling387

Figure 6 shows the net circulation (panel a) and fishing cuts distribution388

patterns (panels b and c) in the Rı́a de Vigo for typical upwelling conditions.389

The estuarine circulation is the result of the superposition of the density-390

driven flow (panel a1), river flow (a2) and wind-induced flow (a3). In these391

conditions, the circulation of the Ŕıa is characterized by a vertically-sheared392

flow in two layers: seaward flow near the surface and landward flow near393

the bottom (panel a). Both wind and density gradients favour a two-layered394

circulation (panels a1 and a3). The river flow contribution to the residual395

circulation is unidirectional in the water column towards the mouth (panel396
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Figure 5: Concentration of MPs, expressed as the number of particles per 100 g dry

sediment, found in the bottom of the estuary at the locations L1-L6 (Fig. 1). The upper

panel shows the observations made in spring (upwelling conditions), while the lower panel

shows those made in autumn (downwelling conditions). Both figures are in the same scale

for making possible a direct comparison.
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a2). River flow contribution is negligible even near the head where the water397

depths are shallower. The mechanisms that most significantly contribute to398

the net circulation are the wind-driven and the density-driven circulation,399

which are of the same order of magnitude. The wind-induced currents are400

somehow larger in a thin layer of 3 − 5 m below the surface.401

Regarding the distribution of MPs (Fig. 6, panel b), fishing cuts with402

negative buoyancy are concentrated close to the bottom in the inner part of403

the estuary. Cuts are present at the bottom at all cross-sections, although404

mainly trapped near the head at the Rande Strait (more clearly seen in in-405

set b1). The net seaward circulation near the surface induced by (mostly)406

wind and density gradient contributes to flushing out the floating cuts to-407

wards the mouth (panel c and inset c1). Turbulence is apparently not strong408

enough to diffuse the fishing cuts throughout the water column. To test the409

sensibility of the EMPM to the river discharge, Fig. 7 shows the distribution410

of MPs at the bottom for different values of QR under upwelling conditions.411

For normal values of QR, viz. QR = 5 m3s−1 and 50 m2s−1, the EMPM is412

located at the estuary head, x = 16 km, (red and blue curves). Even extreme413

freshwater discharges of QR = 500 m2s−1 (yellow curve) move off the EMPM414

only to x ≈ 14 km. A similar behaviour is observed for other types of MPs415

with negative buoyancy for normal discharges. Panels a1 and a2 of Fig. 7416

show sensibility results of their EMPM to wind velocity and mean salinity417

gradients. The results indicate that the EMPM is always located at the in-418

ner part of the Ŕıa, where most significantly pellets and cuts are trapped.419

In the particular case of fibres, only with very weak winds and small density420

gradients, high discharge events could flush the MPs out of the Rı́a (panel a2).421
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Figure 6: Color plots for a typical configuration during upwelling conditions. Forcing

parameters were set as indicated in Table 1 and type of MP was fishing cuts. Total

circulation (panel a) is comprised by the superposition of the density-driven flow (a1), river

flow (a2) and the wind-induced flow (a3). Panel b shows along-channel vertical profiles of

normalized concentration for sinking fishing cuts. The inset b1 shows the concentration

of sinking cuts at the bottom. Panel c and inset c1 show the same as panel b and inset b1

but for floating fishing cuts. Black arrows point to the estuarine MP maxima.

422

Downwelling423

Figure 8 shows the same information as Fig. 6, but for the downwelling424

case. The innermost part of the Ŕıa is characterized by a stable two-layered425

circulation with seaward flow near the surface and landward compensating426

flow near the bottom, as the classical gravitational circulation. Near the427

Rande Strait the density gradient is larger than in other parts of the Ŕıa and428

the density-driven and river flows dominate the net circulation (panels a1429
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Figure 7: Along-channel normalized concentration of sinking fishing cuts (ωMP =

0.0067m s−1) at the bottom during upwelling conditions for different freshwater discharge

values (see legend). Insets show as color plots the location of the estuarine MP maximum

at the bottom for other types of sinking MP, viz., pellets and cuts (a1) and fibres (a2),

for different along-channel wind velocities (ua < 0) and (scaled) salinity gradients during

upwelling conditions. Other parameters were set as in Table 1.
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and a2). In the lower part of the Ŕıa, the wind-driven circulation takes430

over the control of the net flow (magnitude ∼ 0.3 m s−1), thereby favouring431

the onset of a reversed two-layered circulation with inflows near the surface432

and outflows near the bottom. The wind-driven circulation is characterized433

by a thin surface layer with strong landward flow and a thick lower layer434

with weaker seaward flow (panel a3). The density-driven circulation there435

is weaker (∼ −0.1 m s−1) and opposes to the wind-driven flow (panel a1).436

In middle part of the Ŕıa, a more complex circulation in three layers arises.437

Inflow occurs near the surface and near the bottom, whereas in the middle438

of the water column, seaward flow is obtained. The transitions from two- to439

three-layered circulation occur at approximately x = 6 km and x = 13 km.440

Regarding the distribution of sinking MPs (panel b), fishing cuts are441

concentrated in a thin layer close to the bottom. A significant fraction of442

MPs are trapped near the head due to the gravitational circulation. How-443

ever, there is also a significant seaward displacement of MPs due to the444

wind-driven flow near the bottom. This is revealed by the secondary maxi-445

mum near the mouth (inset b1). For sinking cuts (panel c and more clearly446

in inset c1), the EMPM approximately coincides with the convergence of447

flow near the surface, as shown by the upper white line in panel a. Conse-448

quently, the location of the EMPM appears to be again mainly controlled449

by the competition between density-driven and wind-driven flow. To fur-450

ther explore the MPs distribution during downwelling events, Fig. 9 shows451

the sensitivity of the EMPM to different uniform along-channel wind veloc-452

ities, ua, and mean salinity gradients, −L∂S/∂x. Upper row of panels in453

Fig. 9 shows the trapping location near the surface for floating pellets, cuts454
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and fibres (panels a, b and c, respectively). In this case, the surface flow455

induced by downwelling-favourable winds oppose the seaward flow that is456

part of the gravitational circulation. Cases with relatively high wind veloc-457

ities or weak density gradients and freshwater discharges yield trapping of458

material near the head (yellowish areas), whereas a stronger gravitational459

circulation (and/or weaker landward winds) favours the MPs being exported460

to the outer parts of the Rı́a and eventually to open sea. The same set of461

simulations was performed for negative buoyancy MPs (panels d, e and f).462

For instance, for cuts (panel e), the density-driven circulation is weak when463

the density gradients are low and thus the return flow near the bottom in-464

duced by the wind dominates the transport of MPs. The result is that the465

MPs are mostly flushed out the Ŕıa (bluish areas). For low wind velocities,466

the density-driven circulation controls the fate of microplastics in most of467

the Ŕıa, thereby trapping them mostly near the head (yellowish areas). For468

intermediate values of wind velocity and horizontal salinity gradients both469

forcings balance each other and the material is trapped at some point inside470

the Ŕıa. Pellets (panel d) behave similarly. However, fibres, which have471

lower terminal velocity values (Table 2), are apparently more easily flushed472

out during downwelling events (panel f).473

4. Discussion474

Observations show that there was a resident concentration of MPs, both475

at the surface and the bed, in the Ŕıa de Vigo (Fig. 4). The highest con-476

centration values found in surface waters in the Ŕıa de Vigo (0.75 MPs m−3)477

are similar to that in the Pearl River Delta (0.7 MPs m−3) (Mai et al., 2019)478
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Figure 8: Color plots for a typical configuration during downwelling conditions. Forcing

parameters were set as indicated in Table 1 and MP type was fishing cuts. Total circulation

(panel a) is comprised by the superposition of the density-driven flow (a1), river flow (a2)

and the wind-induced flow (a3). White lines indicate zero-flow isolines. Panel b shows

along-channel vertical profiles of scaled MP concentration for sinking cuts. The inset shows

the concentration of sinking cuts at the bottom. Panel c and inset c1 show the same as

panel b and inset b1 but for floating fishing cuts. Black arrows point to the estuarine MP

maxima.
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and about 30 times lower than the average concentrations measured in the479

Changjiang Estuary (231 MPs m−3) (Xu et al., 2018). However, the distri-480

bution of MPs depends on the type of MP and varies in time controlled by481

meteorological and oceanographic conditions. Microplastic concentrations482

are also subject to uncertainty due to the patchiness associated with plastic483

pollutants. Although it is extremely difficult to identify sources of MPs with484

the information currently available, the presence of paint sheets plastics and485

fishing cuts in the samples seems to point to fishing and port activities, which486

are quite intense in this area with the Port of Vigo as one of the most impor-487

tant fishing ports of the world. Supporting this view are the observations by488

Reddy et al. (2006), which found relation between the plastic concentrations489

and ship-breaking activities in the Gulf of Cambay (India). Another poten-490

tial source of MP fibres in the Ŕıa is the WWTP of Vigo. More than half491

of textiles used nowadays are made of (or partly made of) polymer-based492

plastic. Polymer-based fibres pass easily through the WWTP without being493

removed from the water environment (Gago et al., 2018).494

During spring upwelling conditions, regardless of the particular type of495

MPs, more items were collected near the surface than during autumn down-496

welling conditions. This behaviour is successfully explained by the model-497

ing results. The net seaward circulation near the surface induced by wind,498

density gradient and, to a lesser extent, freshwater discharge contributes to499

flushing out floating MPs (Fig. 6). The surface MPs would then be con-500

trolled by the meteorological and oceanographical conditions on the shelf,501

thereby increasing the probability of beaching of debris in the National Park502

of Cies Islands. Model results indicate that the flushing time is about 5.8503
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days, which is estimated from the mean outflow velocity 0.0315 m s−1 at mid-504

estuary in the upper layer. This value is about the same order of magnitude505

than that reported in the literature for upwelling conditions, i.e., 5 days by506

Álvarez-Salgado et al. (2001) and 4.5 days by López et al. (2001). The largest507

concentrations were measured at station U2, not at station U1. The latter508

station is located near the city of Vigo, a potential, significant source of MPs.509

It is remarkable that at station U3, which is the outermost station, outside510

the Ŕıa and subject to more open oceanic conditions typical of the inner511

shelf, the concentrations are on the same order of magnitude than within512

the Ŕıa. Near the bottom upwellings induce a landward circulation, thereby513

yielding the trapping of near-bed materials. Figure 5 showed that pellets514

and cuts were more efficiently trapped inside the Ŕıa than materials with515

lower settling velocities such as fibres. Only fibres under sustained very weak516

winds, small density gradients and high discharges could be flushed out of517

the Rı́a. However, this situation is rather unlikely due to the fact that river518

flow seems to be only important to establish the density gradient that drives519

the density-driven circulation (Villacieros-Robineau et al., 2013).520

Regarding the downwelling conditions, lower MPs concentrations at sur-521

face stations U1, U2 and U3 were observed than during upwelling despite the522

wind-induced circulation favouring the trapping of floating MPs. Stations U1523

and U2 show larger concentrations of paint sheets and films than the out-524

ermost station U3 (similar values of fibres were measured at U1-U3). An525

unlikely hypothesis is that both the density-driven flow and river flow have526

exceptionally compensated for the wind-induced flow. However, the results527

shown in Fig. 6 and 8 indicate that wind contributes the most to the net528
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circulation in the Rı́a de Vigo. This was already pointed out by a number of529

authors (e.g. Barton et al., 2015). In fact, the flushing or trapping of MPs530

in the Ŕıa is mainly controlled by the wind forcing. Another more plausible531

hypothesis, as suggested by the model output, is that a significant fraction532

of the floating debris is being advected landward further than station U1 by533

the wind action, remaining trapped near the Rande Strait, thereby exhibit-534

ing the system lower MPs concentrations at the lower half of the estuary535

(precisely where stations U1-U3 were). Model results explained the overall536

seaward displacement of MPs at the bottom with regard to that during up-537

welling (Fig. 6 and Fig. 8). Similarly to what occurs during upwelling, the538

wind is the most significant factor controlling the flushing of near-bed MPs539

during the downwelling regime, particularly in the lower part of the Rı́a.540

The flushing time resulted 6.04 days (mean outflow velocity 0.0300 m s−1 at541

mid-estuary). This value is similar to that reported by Gilcoto et al. (2007)542

(6 days) but below the 9.5 days estimated by López et al. (2001). The model543

correctly captured the order of magnitude and differences between flushing544

times during upwelling and downwelling conditions, although these differ-545

ences, with the current parametrization, are apparently not so marked. In546

the upper part, near the head, the gravitational circulation still dominates547

the circulation. For intermediate values of wind velocity and density gradi-548

ents, the circulation induced by these factors may balance each other and549

MPs could be trapped at some point inside the Ŕıa.550

Important simplifications are considered in the modelling approach and551

should be mentioned. This is a 2D-vertical model, therefore lateral variabil-552

ity, which is also relevant in the Ŕıa de Vigo (e.g. Gilcoto et al., 2007; Barton553
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et al., 2015), is not considered. The idealized approach assumes that MPs554

are passive tracers that are being transported and dispersed by the water555

motion. The study of passive substances in estuaries has attracted consid-556

erable attention, including in the Ŕıa de Vigo (e.g. Gomez-Gesteira et al.,557

1999). This assumption allows for extending the approach devised by Talke558

et al. (2009b), which succeeded in explaining the main features of the cir-559

culation and the Estuarine Turbidity Maxima (ETM) in the Ems estuary,560

to determine concentrations of both sinking and floating MPs in the Ŕıa de561

Vigo. The approach adopted in this work assumes that MPs are also in sus-562

pension, but either with a positive or negative terminal velocity ωMP. The563

model only differentiates substances through its terminal velocity. Different564

substances with similar terminal velocities are expected to produce similar565

modelled concentration patterns. In this sense, there are evidences that MPs566

converge at the same locations where other substances, such as fine sedi-567

ments and microorganisms, show high concentrations (Atwood et al., 2019;568

Payton et al., 2020). These locations may coincide with zones of convergence569

of living organisms, either benthic or in suspension, such as dinoflagellates,570

resulting in adverse consequences for the marine organisms of the Ŕıa and571

potential hazard to the ecosystem (Crespo et al., 2006).572

The model also neglects density stratification and the tidal variation of573

flow and their effect on mixing, circulation and residual transport and trap-574

ping of MPs (e.g. Munk and Anderson, 1948; Chernetsky et al., 2010). Tidal575

effects are expected to be relevant near the Rande Strait, where the Ŕıa shoals576

and tidal currents are stronger. The turbulent mixing, parametrized in the577

model by means of eddy coefficients, is assumed to be uniform in the vertical578
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direction. Density stratification is known to affect turbulence. Differences in579

the eddy coefficients should be expected between upwelling and downwelling580

conditions (Fernández-Castro et al., 2018). In the presence of stratification581

the eddy coefficients used in the model are expected to be reduced below the582

constant values considered in this work. The model is intended and designed583

to provide insights on the physical processes that control the flow and MP dis-584

tribution. The model has no predictive capabilities. In that sense, complex585

numerical models, which are routinely applied to study hydrodynamic and586

transport processes, could represent a reasonable complementary approach to587

idealized models to study and predict MPs accumulation in estuaries. Nev-588

ertheless, the application of this type of models for plastic pollution in these589

environments are still in their infancy, and there are also many challenges to590

solve associated with their application (e.g. Martins et al., 2019; Jalón-Rojas591

et al., 2019).592

In spite of the simplifications noted above, the model used in this work593

was able to reproduce the main features of the observed MP distribution, to594

estimate the relative influence of the different forcing factors, and to identify595

the trapping conditions of MPs, both at the bottom and near the surface.596

The model may be easily implemented to other estuaries and has a low597

computational cost. This allowed us to run a large ensemble of model sim-598

ulations, considering a wide range of meteorological and oceanographic con-599

ditions. This provided important insights into the sensitivity of the EMPM600

to different environmental conditions and the dominant processes involved.601

Overall, the use of idealized models could help to identify hot-spots for MPs602

concentration in estuaries and even provide relevant information for the im-603
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plementation of the European Marine Strategy Framework Directive (e.g.604

Gago et al., 2016).605

5. Conclusions606

Observations of MPs made at the bed and near the water surface, and607

modelling results in the Ŕıa de Vigo were presented and analyzed to quantify608

concentration and distribution of MPs.609

Microplastics were found at all stations in surface and bottom samples610

both during spring upwelling and autumn downwelling seasons. The highest611

concentration value found in surface waters was 0.75 MPs m−3. The largest612

observed fraction of MPs corresponded to fibres (over 50%) followed by plas-613

tic paint sheets, fragments and others.614

During upwelling conditions, more items were collected near the surface615

at the outer half of the estuary compared to downwelling conditions. The616

net seaward circulation near the surface, jointly induced by the gravitational617

circulation and, most significantly, wind-induced circulation, contributed to618

flushing out the floating MPs. Upwelling-favourable winds induce a landward619

circulation near the bottom, thereby yielding the trapping of sinking MPs in-620

side the estuary. Modelling results indicate that this landward displacement621

was also favoured by the normal density-driven circulation and opposed to622

the river flow, the latter representing a minor contribution to the net circu-623

lation in the Ŕıa de Vigo. Pellets, fragments and films near the bottom were624

more efficiently trapped and further upstream than fibres.625

Downwelling conditions caused an overall landward displacement of a626

significant fraction of the floating debris, which remained trapped near the627
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Rande Strait, thereby exhibiting the estuary lower MPs concentrations at628

the lower half of the estuary. Paint sheets and films are the type of plastics629

that were mostly trapped. The trapping of floating MPs during downwelling630

conditions was also mainly controlled by the wind forcing. The wind effect631

normally exceeds (and opposes) that of the density gradient, except near the632

Rande Strait, where the gravitational circulation takes over the control of the633

net flow. Wind-induced flow is dominant near the bottom in the outer part634

of the estuary. This explains the observed overall seaward displacement of635

pellets, fragments and films near the bottom during downwelling. In the mid-636

dle part of the Ŕıa, a three-layer circulation emerges due to the competition637

between density-driven and wind-driven flows.638
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Appendix A. Supplement: Model Verification650

The verification case corresponds to a freshwater intrusion event of the651

Miño river plume into the Ŕıa de Vigo induced by a high Miño river dis-652

charge under downwelling-favourable winds (Des et al., 2019). Freshwater653

discharge, along-estuary wind velocity and along-estuary salinity profiles were654

prescribed in the model based on the results by Des et al. (2019). In this case,655

the impact of the salinity gradient on the circulation is much greater than656

that of the temperature gradient or suspended matter gradient. Thus they657

were neglected. To apply the model, stationary conditions were considered658

at the maximum development of the intrusion event. The longitudinal flow659

was determined from Eq. 1. Using Eq. 1, the steady distribution patterns660

of salinity S(x, z) in the estuary are estimated assuming a balance between661

the local along-channel salinity gradient and the vertical diffusive salt flux662

(e.g. Officer, 1976). The vertical turbulent diffusivity coefficient is taken663

Kv,s = Av for simplicity, i.e., its dependence on the Richardson number is664

ignored (Munk and Anderson, 1948). The vertical eddy viscosity coefficient665

was fitted to mimic the observations. Table A.3 shows the values of the666

model parameters for the verification case.667

Table A.3: Forcing conditions (upper rows) and model parameters (lower rows) for the

verification case occurred on 01/22/10 (Des et al., 2019).

Parameter Value

Freshwater discharge, QR

(
m3s−1

)
40

Along-estuary wind velocity, ua
(
ms−1

)
(9.5− 4x/L)

Along-estuary salinity profile, S (psu)
(
33.5 + 0.8x/L− 0.5 exp(−100(x/L− 1)2)

)

Vertical eddy viscosity, Av
(
m2 s−1

)
0.0045

Vertical eddy diffusivity for S, Kv,s
(
m2 s−1

)
0.0045
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Figure A.10 shows the results of the model verification case. Panels a668

and b show currents and density profiles along the main axis of Ŕıa de Vigo.669

Panel b shows that the intrusion yielded lower surface salinity values at the670

mouth than upstream, thereby causing an inverse circulation in the outer671

part of the Ŕıa. The induced circulation pattern is shown in panel a, which672

shows a landward net current near the surface and a seaward current near673

the bottom. The intrusion apparently did not reach the landward end of the674

Ŕıa, thus the higher density at the surface was attained at a middle location675

along the estuary, i.e., around km 13. Further upstream the river flow is more676

influential in the circulation. At the bottom, the higher densities occurred677

closer to the mouth around km 6.678

Figure A.10: Observed circulation and density distribution patterns (panels a and b, re-

spectively) in the Ŕıa de Vigo during the intrusion event of the Miño river plume (01/22/10,

04:00) adapted from Des et al. (2019). Panels c and d show the modelled circulation and

density patterns, ρ = ρ0 (1 + βS), for the same event. White solid lines indicate isolines of

zero flow and 1025.84 kgm−3 (panels c and d, respectively). Arrows indicate the direction

of the flow (panels a and c).
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The main features of the observed circulation and water column structure679

are reproduced by the idealized model. The value of the eddy viscosity680

(and diffusivity) coefficient that best mimicked the observations is Av =681

0.0045 m2 s−1. The modelled salinity pattern (panel d) fairly matches that682

described above (panel b). The model captures the lower salinity values both683

near the mouth and at the head. The location of the highest concentrations684

are fairly well-mimicked by the idealized model. At the surface, the highest685

values are attained near the front of the freshwater discharge around km 14.686

The highest densities near the bottom occurred closer to the mouth, i.e.,687

around km 6 and km 8.5 at the deepest parts of the Ŕıa and near the tip of688

the intrusion of the Miño river plume.689

The modelled net flow induced by the contribution of density-driven,690

wind-driven and river flows is shown in panel c. Direction and magnitude691

of the two-layered circulation observed in the Ŕıa de Vigo are reproduced692

by the model. The negative density-driven circulation, reinforced by the693

downwelling-favourable wind, induces in the lower and middle part of the694

Ŕıa the seaward flow near the surface, and the compensation flow towards695

the head near the bottom. In the inner part of the estuary, near to the head,696

river flow and the positive density-driven flow dominate over wind-driven697

flow and a classical circulation is observed (downstream near the surface698

and upstream near the bottom). The modelled transition zones with zero-699

flow (white zero-flow lines in panel c) almost coincide with those observed700

(panel a). The location of the largest two-layered velocity shears coincide701

with the location of the largest currents. Both measured and modelled largest702

currents are found within a layer of ∼ 5 m below the surface at deepest cross-703
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sections of the Ŕıa. Values as high as ∼ 0.4 m s−1 were attained. This current704

intensification at those locations is because this upper layer remains under705

the close influence of the density-driven circulation and (mostly) of the wind,706

and is subject to less frictional influence from the bottom.707
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coastal upwelling system (Ŕıa de Vigo, NW Spain). Cont. Shelf Res. 68,900

67–79. doi:10.1016/j.csr.2013.08.017.901

Wegner, A., Besseling, E., Foekema, E.M., Kamermans, P., Koelmans, A.A.,902

2012. Effects of nanopolystyrene on the feeding behavior of the blue mussel903

(Mytilus edulis l.). Environ. Toxicol. Chem. 31, 2490–2497. doi:10.1002/904

etc.1984.905

Windsor, F.M., Durance, I., Horton, A.A., Thompson, R.C., Tyler, C.R.,906

49



Ormerod, S.J., 2019. A catchment-scale perspective of plastic pollution.907

Glob. Chang. Biol. 25, 1207–1221. doi:10.1111/gcb.14572.908

Woodall, L.C., Gwinnett, C., Packer, M., Thompson, R.C., Robinson, L.F.,909

Paterson, G.L., 2015. Using a forensic science approach to minimize envi-910

ronmental contamination and to identify microfibres in marine sediments.911

Mar. Pollut. Bull. 95, 40–46. doi:10.1016/j.marpolbul.2015.04.044.912

Wright, S.L., Thompson, R.C., Galloway, T.S., 2013. The physical impacts913

of microplastics on marine organisms: a review. Environ. Pollut. 178,914

483–492. doi:10.1016/j.envpol.2013.02.031.915

Xiong, X., Wu, C., Elser, J.J., Mei, Z., Hao, Y., 2019. Occurrence and fate916

of microplastic debris in middle and lower reaches of the Yangtze River–917

From inland to the sea. Sci. Total Environ. 659, 66–73. doi:10.1016/j.918

scitotenv.2018.12.313.919

Xu, P., Peng, G., Su, L., Gao, Y., Gao, L., Li, D., 2018. Microplastic risk920

assessment in surface waters: a case study in the Changjiang Estuary,921

China. Mar. Pollut. Bull. 133, 647–654. doi:10.1016/j.marpolbul.2018.922

06.020.923

50


