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Abstract

The study of the urban coastline is of great significance for understanding the impacts of human activities on the marine
environment. Only recently the emission of microplastics is starting to be considered as a threat to aquatic and terrestrial
ecosystems and currently, little information on this topic is available. The present study focuses on the development of a
methodology based on the implementation of the hydrodynamic circulation model ELCOM (Estuary and Lake Computer
Model) for the estimation of microplastics distribution in Kavala Gulf coastline. The approach aims to include the effects
of the high seasonal touristic activity and consequent large fluctuations in wastewater treatment plants (WWTPs) discharge
rates. Parameters such as microplastic concentration, effluent flow rate and temperature, meteorological forcing and scalars
at the boundaries were applied and the simulation was designed to cover the entire 2006 in order to include an
approximation of the seasonal 3D dispersion patterns. The microplastic concentration was estimated based on the
suspended particulate matter (SPM) concentration measurements applying the approach of [1]. The physical and chemical
parameters of the particles were assumed to conform with the assumptions of [2]. The results showed a strong correlation
between the microplastics dispersion patterns, the wind climate and the seasonal increase in population during the summer.
Microplastic concentrations reached up to 0.185 pg/l in the WWTPs adjacent coastline in correspondence to the beaches
with the highest touristic activity. The periodical formation of anticyclonic flows resulted in a net transport towards the
center of the gulf and an increase in microplastic concentration in the bottom layer. On the other hand, the simulation
showed that considerable quantities of microplastics tend to be transported outside the study area and far from the coastline

in deeper waters.
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1. Introduction

The presence of microplastics, especially in coastal areas,
have been recognized worldwide as an emerging
environmental issue ([3], [4], [5], [6]) of increasing concern
but only recently has begun to receive international attention
by the academic community and the European Union ([7], [8],
[9]). Ecotoxicological effects of microplastics on marine,
invertebrates, and plants are well documented ([10], [11],
[12], [13]), however, especially on the subject of the toxicity
and the transfer mechanism to the coastal benthic
communities and to the human population the data are
limited.

Several experiments showed that microplastics could be
adsorbed, ingested and accumulated in larger marine fauna by
trophic transfer from prey to predator, such as mussel-
consuming crabs [14]. Furthermore, organic pollutants could
be adsorbed onto microplastic particles ([15], [16], [17], [18])
leading to a potential enhancement of their effective uptake
and toxicity ([19], [20], [21]). For instance, they can
potentially function as vectors for pollutant transfer to living
organisms through interaction with metallic toxicants and
other toxic trace elements such as Cadmium ([22], [23], [24]).

The term microplastics has been given several definitions
in literature, but the one prevailing is given by Galgani et al.,
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2013, [25] which refers to particles of <5 mm in diameter
(upper limit) based on its common usage in existing
monitoring programs.

Microplastics are distinguished also in primary and
secondary. They are described as primary when the particles
were originally manufactured to be that size (e.g. microbeads,
plastic pellets, nurdles, plastic fibers) and secondary when the
particles resulted from the breakdown of larger items (fishing
nets, plastic litter). Most of the losses of primary microplastics
(98%) are generated from land-based activities [26] with the
higher concentrations found in water and sediment near or
downstream of wastewater treatment plants (WWTP), [27].

At a global-level two microplastics assessments
(GESAMP, 2015 and 2016) and a recent report [28] were
made available in an effort to harmonize research and
monitoring. The methods applied and reviewed, comprise
mainly in situ sampling techniques and the application of
mathematical simulation models in order to comprehend the
influence of the physical processes in the dispersion and
accumulation patterns. Those patterns are primarily defined
by environmental factors such as wave, currents [29], tides,
cyclones, wind directions ([30], [31], [32], [33]), and river
hydrodynamics ([34], [35], [36]).

In particular, the distribution of microplastics in the water
column is highly influenced by the vertical transport and other
processes that include sinking due to ingestion-egestion [37],
marine snow [38] and/or biofouling [39] as well as mixing
[40]. After several attempts to simulate the dispersion
mechanisms with the application of specific vertical mixing
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models [41] or theoretical turbulence processes [42] some
authors suggested that a well-studied suspended sediment
transportation systems [43], could offer a more established

framework for modelling suspended microplastic
transportation.
The purpose of this research is to propose a

methodological approach by applying an already validated
and calibrated hydrodynamic circulation model in order to
study the spatiotemporal distribution of microplastics in the
study area based on the sampling results of 2 WWTP’s
effluents and the meteorological forcing. The method has
already been applied for the simulation of the suspended
particulate matter dispersion patterns in the adjacent coastal
zone giving very accurate predictions of the SPM
concentrations in the water column in relation to the wind
climate, meteorological forcing and hydrodynamic
circulation.

2. Study area

The Gulf of Kavala is located in northern Greece in the
Thracian Sea across from the island of Thasos. Is the second
in size semi-enclosed coastal water body of the Thracian Sea,
which is part of the North Aegean Sea’s continental shelf (Fig.
1), [44].

East and northwest winds are dominant during the winter
period having frequencies of 7% and 10%, respectively. The
area is micro-tidal, with the tidal range varying between 0.12
m during neap tides and 0.30 m during spring tides under the
prevalence of the semi-diurnal (M2) tidal constituent. The
input of Black Sea Water (BSW) through the Dardanelles
governs the surface dynamics of Kavala Gulf by supplying
low salinity (29-34 ppt), nutrient-rich BSW, which occupies
the surface layer of the water column (2040 m), [45].

Fig. 1. Satellite image of the study area — Kavala Gulf - and the location
of the two Wastewater Treatment Plants.

The most densely populated zone, the city of Kavala, is
situated in the north part of the gulf with 54,027 permanent
residents according, to the latest census (2011), which makes
it the 4th largest city in the region. Other important
settlements are Paleo Tsifliki (Palio) (2,195 permanent
residents) and Nea Peramo. (3,532 permanent residents)
located along the west coastline. In Kavala Gulf there are a
total of 2 WWTP that treat the urban wastewater of a) the city
of Kavala and b) the settlement of Paleo Tsifliki.

The first WWTP was designed in the late 1980’s, is
operational since the early 1990’s and has the potential to
receive up to 12,000 m® of urban wastewater daily. Today
after the facilities’ expansion works the WWTP of the city of
Kavala can receive 20.000 m® of effluents daily, covering the
needs of approximately 80,000 inhabitants and the increased
demand during the summer season.

99

The settlement of Paleo Tsifliki, which administratively
belongs to the municipality of Kavala, is located 8 km
southwest of the city center and extends along the coast for
about 4 km. The area is characterized by high touristic activity
during the summer months, which means a large population
growth during this period. The WWTP has been operating
since June 1998 and is located at the eastern limit of the
settlement.

Before the construction of the WWTP in Paleo Tsifliki, a
study for the projection of the population for the next 30 year
that was implemented predicting an increase in the population
of about 5 times. Based on that results, the WWTP in Paleo
Tsifliki, was built to accommodate a population of 12,000
residents during the summer months, for the next 10 years
with an increase of 18,000 residents for the next 30 years.
During the summer months the WWTP was designed to
receive 87 L/sec to 119 L/sec during the peak of the touristic
season. The water effluents after being processed are
channeled to the coastal area of Palio Bay (part of "NATURA
2000" network, code GR 1150009).

Both WWTPs were built by the Municipal Water Supply
and Sewerage Company of Kavala (DEYAK) and the values
of specific chemical parameters in the wastewater, after being
processed, they conform to several EU Directives and the
national legislation (e.g. BOD5 <20 ppm, COD <60 ppm
Suspended solids <30 ppm).

In both Kaval and Paleo Tsifliki WWTPs, the temperature
of the effluents, according to measurements carried out by
DEYAK, is for the most part of the year, with the exception
of summer, higher than the ambient temperature because it is
affected by the high wastewater temperatures (with values
ranging between 10 °C and 22 °C), a fact that was taken into
account and included in the input data of the hydrodynamic
model. The statistical processing of the measurements taken
by DEYAK showed that between the years 2000-2008 the
concentration of suspended solids entering the plants was on
average approximately equal to 200 mg/1 or 5600 kg/d while
at the exit the values ranged between 10 kg/d and 200 kg/day.
The maximum allowable limit according to the WWTP
design is 35mg/1 in suspended solids.

3. Materials and methods

3.1 Model description

ELCOM (Estuary and Lake Computer Model) is a three-
dimensional hydrodynamic model, developed by the Centre
for Water Research, that can be applied for the simulation of
current velocity, temperature, salinity distribution and
variation in water bodies such as estuaries, lakes and coastal
areas. ELCOM solves the unsteady, 3D-Reynolds averaged
hydrostatic Navier—Stokes, Bussinesq equations and the
scalar transport equations taking into consideration the
external environmental forcing. For the calculation of the
vertical turbulent transport in ELCOM a mixing model is
applied and the heat exchange through the water surface is
governed by standard bulk transfer models.

The quadratic Euler-Lagrange discretization for advection
of momentum is applied with a conjugate-gradient solution
for the free-surface height. Passive and active scalars (i.g.
tracers, salinity and temperature) transport are solved based
on a conservative ULTIMATE QUICKEST approach [46].

The core equations in ELCOM are:

Momentum transfer equation:
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U, U, on 1 9 C,,= bulk wind stress coefficient for wind values at 10 m
ot J axj s ox, " p, 0x, -L from the sea surface.
P U P U P U M Wﬁ, W =wind velocity components (directions a, )
+—[v1 “]+—[v2 ”]+—[v3—“]—saﬁfUﬂ
ox, ox, ) ox, ox, ) ox, ox, (U*)ﬂ = Wind shear velocity on the free surface in direction o
Continuity equation (u )a =Wind Shear velocity in direction o,
U . ki= eddy diffusivity coefficient
E)xj =0 ) S_= Schmidt number
’ vj = Eddy viscosity coefficient,
Momentum Boundary Conditions —Free Surface The model has been applied in several cases for different
types of water bodies giving very good results ([47], [48],
W, g () [49]. [50L [511. [52]. [53).
ox, Regarding the area of North Aegean and Thracian Sea the
model has been applied (Laboratory of Ecological
Momentum Boundary Conditions —Bottom and Sides Engineering - D.UTH). in .order to describe and predict the
hydrodynamic circulation in very large areas [54] or smaller
U =0 4) ones such as gulfs and straits [55]. The model in those cases
i was calibrated and validated based on in situ measurements
of different oceanographic stations and satellite imagery
Transport of Scalars: proving to be a useful tool for the description and prediction
of the hydrodynamic conditions and parameters. ELCOM was
9C a(CUj) 3 ( 5 C] also coupled with the wave model SWAN for the
— "=k |t investigation of the coastal surface currents effect on the wave
ot axj Jx, ox, (5) propagation direction [56].
3 [ ac) P) [ ac] _ _
t—| K, = |+=—| K, [t S, 3.2 Model implementation
ox, dx, ) ox, ox,q The ELCOM hydrodynamic simulation model was
implemented in the area covering Kavala Gulf between 40°
Scalars Boundary Conditions: 57'27.11"N and 24° 17'18.87"E and it was discretized into a
uniform horizontal bilinear grid consisting of 100 m x 100 m
oC orthogonal cells (Fig. 2). The water column depth at each cell
8—; =0 (©) was determined using the 1:50,000 bathymetric chart
/ vectorized in GIS environment and corrected with the updated
) bathymetric estimations provided by EMODnet. The
Free surface Evolution: maximum depth in the study area corresponding to 48 m was
discretized in 6 vertical layers, of variable thickness, starting
on d (n from the surface (dz = 1.2 m) and increasing gradually
o ox Jota® (M towards the bottom. Model boundary conditions involved

hydrological, meteorological and tidal forcing.

The tidal forcing at the grid boundaries was given as the
temporal and spatial surface height variation. The values were
obtained from a previous and ongoing implementation of
(W W ) ) ELCOM concerning the entire Aegean Sea [57] and involved

BBl e 5 hours’ time series for the entire 2006 (1/1/2006 00:00 —
31/12/2006 21:00) (Table 2). The time series of salinity and
temperature at the boundaries for the entire year were
obtained also from the model results of the Aegean Sea
simulation implemented as average daily values. The northern

Free Surface wind shear:

puir

water

(w),=C

Wind momentum input:

2
U, (U *)” and partially the eastern side of the grid were considered as
FY SR ®  the open boundaries.
Where: Table 2. Basic statistical parameters of the meteorological

variables implemented in ELCOM runs — time period

j= 1,2,3 are the three space components (axes X,y,z)
1/1/2006-31/12/2006.

a,= the two space components (X,y)

p =reference density N total =2913 | Average | Minimum Maximum
0 AIR_TEMP 14.81593 | -8.2 337
p’ =in-situ density anomaly REL HUM 0.69683 0.34 0.968
o SOLAR RAD | 209.8399 |0 873.2
Jf = Coriolis constant ATM PRESS | 100302.2 | 98250 102280
1n= Reynolds-averaged free-surface elevation RAIN 8.84E-04 | O 0.02697
CLOUDS 0.40828 0 1

100



S. Anastasiou/Journal of Engineering Science and Technology Review 13 (5) (2020)98 - 105

WIND SPEED | 4.05466 | 0.051 | 15.536

BATHYMETRY
2 I

N

5E3
-10,0

10E3
20,0

-30,0

15E3

40,0

20E3

0 7E3 14E3 21E3
Fig. 2. Kavala gulf bathymetry - grid resolution 100m x 100m — ELCOM
model implementation.

Meteorological forcing included the synoptic daily
datasets of solar radiation intensity, atmospheric temperature,
atmospheric relative humidity, precipitation, cloud coverage,
wind speed and direction acquired from the NOAA database
http://ready.arl.noaa.gov/READYamet.php) and based on
satellite imagery and the GDAS meteorological model results.
The outflow rate and the water temperature for both WWTP
were taken from DEY AK measurements that were conducted
approximately every 3 days and the gaps between data were
interpolated applying the Expectation-Maximization method
in SPSS based on the overall data time series covering the
time period between 2002 and 2008.

The microplastics concentration in the WWTPs effluents
was calculated based on the SPM measurements and the
results obtained from several researchers and mainly based on
the research of Conley et. al, 2019, [1] (Tab. 1). The approach
of Van Wezel et. al, 2016, [2] was selected for the
assumptions made for the microplastics parameters. The
microplastic particles were assumed to be of cubical shape,
and the variation in density of commonly used microplastics
(polyethylene, polypropylene, PVC, polystyrene,
polyurethane, and polyethylene terephthalate) was taken into
consideration. The average density was calculated equal to 1
gr/cm? signifying a nearly neutral buoyancy for the particles.
Processes such as biofouling and ingestion from marine biota
were not included.

Table 1. Predicted concentrations of microplastics in WWTP
effluents according to the approach implemented by Conley
et al.

Particle effluent 70

Particle size (um) 1000

Particle volume (cm?) 1X10°

Average density (g/cm?) 1 (neutral Buoyancy)
Predicted concentration | 2.7

(ng/L)

The set of assumptions applied in this case is taking into
consideration also the pro-capita use of different microplastic
sources from the population in the study area. This so-called
intermediate scenario is considered the most reliable for
European countries because of the EC directives regarding the
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maximum allowed solid suspended concentrations in the
WWPTs effluents.

The model results were registered with a time step of 6
hours covering the entire duration of 2006. The year was
selected because of the presence of the highest concentration
in BOD, COD, SPM based on DEYAK measurements
covering the time period between 2002 and 2008.

3.3 Model input parameters and calibration
The scalar parameters at the boundaries and the parameters
describing the meteorological forcing were processed and
statistically analyzed.

For the study area, the water temperature varies between
13 °C during February and March and 26 °C during August
and September with an average value of 18.48 °C. Salinity
decreases during spring months reaching minimum values
during the beginning of the summer season (34 ppt) and
maxima during the winter months (37.3 ppt). The free surface
height fluctuates during the entire year between 0.7 m (flood)
and - 0.51 m (ebb) with an average of 0.36 m and -0.24 m
respectively (Fig. 3).
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Fig. 3. South and southeast boundary parameters input data (scalars) in
ELCOM implementation for Kavala gulf — time period 1/1/2006-
31/12/2006.

During 2006 the air temperature reached the highest
values during August and the lowest during February
preceding in both cases the respective fluctuations in water
temperature for about a month. The maximum wind speed
(15.5 m/s) and persisting high cloud coverage percentage are
observed also during February and March (Fig. 4).
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Fig. 4. Meteorological forcing input data in ELCOM implementation for
Kavala gulf — time period1/1/2006-31/12/2006 (NOAA), (Kamidis et al.
2011) [57].
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The winds during the entire year were blowing mainly
from northeast directions (frequency = 43%) in accordance
with the etesian wind patterns present in the study area (Fig.
5).
)Wind Speed (m/s) - Direction Frequency,
Year 2006, ELCOM Input N

NNW NNE

40 N U NE

35 SW _SE

SSW g SSE

Fig. 5. Wind speed and direction frequencies analysis in Kavala gulf
during the year 2006.

The highest microplastic concentrations in the Kavala
WWTP effluents were observed during the winter and spring
months reaching up to 18 pg/l with larger fluctuations in
comparison with the rest of the year during which the
concentrations were more stable with an average of 11 ug/l.
On the other hand, the microplastics concentrations in the
Paleo Tsifliki WWTP effluents increased starting from early
summer, with an average of 2.9 pug/s and maxima 3.8 pg/l, and
returned to the base values in late October (1.6 png/l), (Fig. 6).
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Fig. 6. Microplastics concentration in pg/l in the effluents of both Kavala
and Paleo Tsifliki (Palio) WWTPs.

ELCOM hydrodynamic model has been already
calibrated on several occasions for the broader area of the
Thracian and Aegean Sea in previous implementations based
on measurements carried out by Triton monitoring station
(DUTH). The model results concerning the hydrological
circulation simulation, for the entire water column, were
validated giving a rate of accuracy for current speed and
direction of about 60%. For the scalars, the model is
considered to be even more precise in the order of
approximately 80% regarding salinity and temperature. The
model outputs were tested applying several statistical
methods such as RMSE and mean Bias.

4. Results and Discussion

The hydrodynamic circulation in the surface layer of the study
area is presented mainly in two different configurations due

to the fact that the surface water from the north Aegean Sea,
enters the study area, from two different directions throughout
the year. In the first case, the surface currents enter the gulf
from the southwest boundary and spread inside the gulf
forming periodically an anticyclonic flow the range of which
depends on the current and wind speed and direction (Fig. 7).
This configuration starts forming during the spring months
and lasts up until early summer when the Etesian winds are
blowing in the area.

SPEED 2006-03-07 00:00:00 SPEED 2006-04-12 17:59:59

Fig. 7. Surface hydrodynamic circulation configuration inside Kavala
gulf during the beginning of the spring months -ELCOM results 2006.

The second configuration appears periodically during
autumn and winter when the surface currents at the boundary
are entering from southeast directions and as a result a less
pronounced cyclonic pattern is established at the center of the
gulf in accordance with the stronger northeast winds (Fig. 8).
In either case, the maximum surface current velocities are
observed near the southwest boundary of the gulf reaching up
to 0.4 m/s.

SPEED 2006-09-10 05:59:59 SPEED 2006-10-10 05:59:59

Fig. 8. Surface hydrodynamic circulation configuration inside Kavala
gulf during the autumn months or in the presence of strong north winds
during winter -ELCOM results 2006.

The bottom maximum current velocities are observed in
the southwest sector of the gulf reaching values up to 0.3-0.4
m/s independently of the general circulation configuration
present in the study area (Fig. 8-9). When the surface currents
enter the gulf from the southwest boundary the correspondent
bottom currents present an approximately 90° to 180° shift in
direction (counterclockwise) (Fig. 9a). When the surface
currents exit the gulf (southwest boundary) the bottom
circulation pattern seems to follow that of the surface
especially near the coastal zone (Fig. 9b).

SPEED 2006-04-12 17:59:59  SPEED 2006-01-23 12:00:00

1 1 1 1 1 L

Fig. 9. a) Bottom currents pattern in Kavala gulf in correspondence to
southwest superficial currents — ELCOM results 2006, b)Bottom currents
pattern in Kavala gulf in correspondence to southeast superficial currents
— ELCOM results 2006.

The sectors of the coastline with the higher surface current
speeds seem to be those in which the WWTPs are situated.
More precisely the northern sector corresponding to Kavala’s
coastline presents some of the maximum surface current

102



S. Anastasiou/Journal of Engineering Science and Technology Review 13 (5) (2020)98 - 105

velocities independently of the hydrodynamic circulation
pattern inside the gulf. In the northwest sector, the coastline
of Paleo Tsifliki is mostly influenced by the presence of high-
speed surface currents parallel to the coastline.

The largest concentrations of microplastics are observed
for almost the entire duration of the year near the port of
Kavala and the adjacent western coastline extending up to
Paleo Tsifliki with concentrations ranging between 0.048 pg/1
and 0.185 pg/l (Fig. 10a). At the beginning of May, a distinct
increase in the Paleo’s WWTR outflow rate results in an
increase in microplastics surface concentration in the
immediate area reaching up to 0.08 pg/l due to the combined
effluent quantities and the extension of the plum to the south
and the center of the gulf (Fig. 10b).

TRACER 1

TRACER_1

2006-07-03 11:59:59 2006-05-22 23:59:59

Fig. 10. a) Microplastics concentration and effluents plume formation
during high speed surface currents coming from east — southeast
directions, b) Microplastics concentration and effluents plume formation
during low speed surface currents coming from east — southeast directions

The anticyclonic patterns are stronger covering a much
larger area at the central part of the gulf transporting the
microplastics for longer distance and creating periodically a
larger dispersion at the surface throughout the entire study
area and not only the central part. These patterns seem to be

observed starting from October until December in
correspondence with the strongest winds blowing in the area
(Fig. 11).

TRACER _1 2006-10-25 23:59:58
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Fig 11. Microplastics concentration in the surface layer during the
presence of anticyclonic flow patterns at the center of the gulf.

In absence of strong currents or winds or when the etesian
winds are blowing the surface water from the Aegean Sea
tends to enter and exit the gulf from throughout the entire
length of the southern boundary at low velocities determined
mainly by the tidal cycle pattern keeping the plum from both
WWTP attached to the western coastline of the gulf for the
most part of the year. At the beginning of October, the
microplastics dispersion towards the eastern part of the gulf
tends to increase reaching in some cases the eastern coastline.

In the bottom layer, the same pattern as in the surface layer
seems to prevail except the fact that the plumes tend to detach
from the western coastline and transport a significant amount
of microplastics towards the center of the gulf for almost the
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entire duration of the year. The anticyclonic pattern near the
bottom tends to form earlier in the year and seems to be more
stable for longer periods of time. The periodical presence of
stronger currents near the coastline tends to transport the
microplastics for longer distances and in higher
concentrations, reaching more frequently the eastern coastline
having as a result a more pronounced dispersion though out
the entire gulf.

Microplastic concentrations in the bottom layer seem to
be of the same size class to those estimated for the surface
layers due mainly to the fact that the model is implemented
for neutral buoyancy with the exception of the eventual
increase because of the vertical circulation patterns in the area
that tend to create downwellings (Fig. 12).

TRACER 1

2006-04-14 11:59:59

TRACER_1

2006-12-28 23:59:58
T

Fig. 12. Vertical profile (north-south direction) of microplastics
concentration - central part of the gulf - during the presence of
anticyclonic flow and the formation of small downwelling currents.

These vertical flow patterns can be observed mainly
during the winter and spring months when the winds are
blowing from north directions, parallel to the east and west
coastline, and when the Ekman transport moves the surface
layer in a direction 90° to the wind towards the center of the
gulf. The surface water from the eastern coastline that is
transported at the center sinks transporting the microplastics
at the bottom creating the conditions for their deposition and
eventual accumulation.

5. Conclusions

The results show that the largest percentage of microplastic
curried by the bottom currents are transported periodically at
the center of the gulf or outside the study area towards deeper
waters into the Thracian Sea resulting in a decrease of the total
load for the coastline. At the same time, the surface
hydrodynamic circulation tends to keep the large majority of
microplastics near the coastline leading probably to a large
temporary accumulation in shallow waters. The higher
microplastic concentrations are observed in the water column
between the Mean Sea Level and the 9-meter isobath in the
western and partially north coastline of Kavala Gulf covering
almost the entire area with the highest touristic activity.
During specific time periods, when certain combinations of
wind parameters (low wind speed) and tidal amplitudes (high
tides) are present, relatively large amounts of microplastics in
the surface layer are transported outside the study area,
mainly during winter months due to the surface
hydrodynamic circulation pattern.

The seasonal increase in microplastics concentration is
related clearly to the seasonal increase of the population in the
area and therefore to the effluent quantities. Interesting is the
fact that the dispersion pattern of microplastics in the bottom
layer, at the center of the gulf, is related to vertical fluxes,
especially the anticyclonic flows that tend to retain the water
at higher depths. The results are in accordance with a similar
study that presents the first direct observation of different
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concentrations of plastic between a cyclonic and an
anticyclonic mesoscale eddy (Brach et al., 2018, [58]).
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