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Urban sources, wastewater treatment plants (WWTPs), untreated wastewater (not
connected to WWTPs), and especially combined sewer overflow systems (CSS)
including stormwater are major pathways for microplastics in the aquatic environment.
We compile microplastics emission data for the Baltic Sea region, calculate emissions
for each pathway and develop emission scenarios for selected polymer types, namely
polyethylene (PE)/polypropylene (PP) and the polyester polyethylene terephthalate (PET).
PE/PP and PET differ with respect to their density and can be regarded as representative
for large groups of polymers. We consider particles between 20–500 µm with varying
shapes. The emission scenarios serve as input for 3D-model simulations, which allow us
to estimate transport, behavior, and deposition in the Baltic Sea environment. According
to our model results, the average residence time of PET and PE/PP in the Baltic
Sea water body is about 14 days. Microplastics from urban sources cause average
concentrations of 1.4 PE/PP (0.7 PET) particles/m2 sea surface (20–500 µm size range)
in the Baltic Sea during summer. Average concentrations of PET, resulting from urban
sources, at the sea floor are 4 particles/m2 sediment surface during summer. Our model
approach suggests that accumulation at the shoreline is the major sink for microplastic
with annual coastal PE/PP and PET accumulation rates of up to 108 particles/m each
near emission hot-spots and in enclosed and semi-closed systems. All concentrations
show strong spatial and temporal variability and are linked to high uncertainties. The
seasonality of CSS (including stormwater) emissions is assessed in detail. In the south-
eastern Baltic, emissions during July and August can be up to 50% of the annual CSS
and above 1/3 of the total annual microplastic emissions. The practical consequences
especially for monitoring, which should focus on beaches, are discussed. Further, it
seems that PET, PE/PP can serve as indicators to assess the state of pollution.

Keywords: wastewater treatment plants, stormwater runoff, combined sewer overflow, pollution, hydrodynamic
model, monitoring, sedimentation, accumulation

INTRODUCTION

In the United Nations Environment Programme, marine litter is defined as “persistent,
manufactured or processed solid material that is discarded, disposed of, or abandoned in the
marine and coastal environment1.” Marine litter is regarded as a global concern, affecting seas and

1https://www.unenvironment.org/

Frontiers in Environmental Science | www.frontiersin.org 1 October 2020 | Volume 8 | Article 579361

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2020.579361
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fenvs.2020.579361
http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2020.579361&domain=pdf&date_stamp=2020-10-19
https://www.frontiersin.org/articles/10.3389/fenvs.2020.579361/full
https://www.unenvironment.org/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-08-579361 October 20, 2020 Time: 13:23 # 2

Schernewski et al. Microplastics in the Baltic Sea

oceans worldwide and causing environmental, economic, and
aesthetic problems. Marine litter is commonly separated into
macro- (> 25 mm), meso- (5–25 mm), and micro-litter
(< 5 mm). The most important fraction of marine litter is plastics
and especially microplastics (MP) is of major concern (GESAMP,
2016). The European Union Marine Strategy Framework
Directive (MSFD 2008/56/EC) addresses this problem and has
the aim to “ensure that properties and quantities of marine litter
do not cause harm to the coastal and marine environment.” As a
consequence, the state-of-pollution of the marine environment
has to be assessed, environmental targets and associated
indicators have to be developed, major emission sources have
to be identified and quantified and effective measures leading to
reductions in marine litter pollution have to be tested (JRC, 2011).

Sources for microplastics in the environment are primary
microplastics in cosmetic and cleansing products entering
wastewater systems, emissions through accidental spills and
during the life cycle of a product (clothing, tires) as well as
secondary microplastics arising from the fragmentation and
degradation of meso- and macroplastics. Plastics enter the
marine environment via riverine systems, coastlines, from vessels
and platforms or the atmosphere (GESAMP, 2016). Since
human activities are the source for microplastics, wastewater is
considered as a major emission pathway (e.g., Mintenig et al.,
2016; Ziajahromi et al., 2016; Kay et al., 2018; Prata, 2018). For
untreated wastewater, high microplastic concentrations between
101–104 particles/L are reported (Gatidou et al., 2019; Sun et al.,
2019), but municipal wastewater treatment plants (WWTPs) are
efficient in removing microplastics (Carr et al., 2016; Talvitie
et al., 2017; Gies et al., 2018). For WWTPs in the Baltic Sea region,
Baresel and Olshammar (2019) assume, depending on their
treatment stages, a microplastics retention between 85 and 98%.
Despite this relatively good overall removal efficiency, WWTPs
are still considered as a major microplastic emission pathway in
the Baltic Sea region because of the high wastewater quantities
treated (Baresel and Olshammar, 2019).

Combined sewer overflow water, that consists of storm water
and untreated wastewater can be another major source of
microplastics, even though overflow events happen rarely. For
the Baltic Sea region, Baresel and Olshammar (2019) conclude
that the annual discharge of microplastics from sewer overflows
can be in the same magnitude as from treated wastewater.
In addition, poorly known emissions result from untreated
wastewater as a consequence of technical failures or capacity
limitations at the WWTPs and the sewer system (Magnusson
et al., 2016; Dris et al., 2018). In the Baltic Sea region wastewater
and stormwater drainage systems are often separated. However,
wash off during intensive precipitation can cause high plastic
concentrations in stormwater and represent another important
emission pathway for the aquatic environment. For example, in
the water of seven Danish urban and highway storm water ponds,
microplastics concentrations between 0.5 and 23 particles/L were
found (Liu et al., 2019).

Objectives of our study are to (a) compile emission scenarios
from urban sources for the selected representative polymer
types polyethylene/polypropylene (PE/PP) and polyethylene
terephthalate (PET) into the entire Baltic Sea (b) perform

3D-model simulations on transport, behavior, and deposition
in the Baltic Sea environment and (c) assess the practical
consequences and implications for policies and the development
of a microplastic monitoring. We consider microplastics with
a size between 20 and 500 µm and varying shapes. We
take into account the emissions from three pathways, namely
WWTP, combined sewer overflow systems (CSS) including
urban stormwater runoff as well as untreated wastewater (not
connected to WWTPs).

MATERIALS AND METHODS

Plastic Polymers and Properties
According to Geyer et al. (2017) the amount of non-fiber plastics
manufactured worldwide since 1950 is about 7300 Mt compared
to fibers with 1000 Mt. Fibers usually consist of polyester,
polyamide, and acryl and are mainly used for clothing. The largest
groups in total non-fiber plastics production are PE (36%), PP
(21%), polyvinyl chloride (PVC, 12%), and PET(< 10%). 42%
of all non-fiber plastics, mainly PE, PP, and PET, is used for
packaging, e.g., plastic bags, plastic films, and bottles. 19% of
all non-fiber plastics, mainly PVC, is used in the building and
construction sector, e.g., for pipes, doors and windows.

The density of plastics (artificial polymers) is an important
parameter that determines its transport, behavior and deposition
in the aquatic environment. According to the density, we separate
floating and sinking polymer types. The group of floating
polymers includes low and high density PE (0.915–0.97 g/cm3

density) and PP (0.89–0.92 g/cm3 density). The group of sinking
polymers covers rigid PVC (1.3–1.45 g/cm3 density) and PET
(1.38 g/cm3 density). The most common polyester fibers are
made of PET. Acrylic and polyamide fibers have a density of
only 1.18 g/cm3 and 1.14 g/cm3, respectively. According to
Sun et al. (2019) PP, PE, and PET are the most abundant
polymers in WWTPs.

In literature, the PE/PP and polyester (PET) fraction of the
total microplastics particles in stormwater and raw wastewater
varies in a wide range (e.g., Kang et al., 2018), but both are
usually in the same order of magnitude (e.g., Liu et al., 2019;
Olesen et al., 2019; Sun et al., 2019). Kooi and Koelmans (2019)
provide the shares most common microplastics polymer types in
the aquatic environment: PE 25%, PET 16.5%, and PP (14%).
Based on literature (Talvitie et al., 2015; Murphy et al., 2016;
Lares et al., 2018; Simon et al., 2018; Wolff et al., 2019; Long
et al., 2019), review papers (Kang et al., 2018; Gatidou et al.,
2019; Sun et al., 2019) and taking into account the data quality
assessment by Koelmans et al. (2019), we calculated an average
minimum of 511 and an average maximum of 18,196 PE/PP
particles/m3 raw wastewater and an average minimum of 119
and an average maximum of 21,967 PE/PP particles/m3 in
stormwater. Based on Murphy et al. (2016); Long et al. (2019) and
Wolff et al. (2019) we calculated an average minimum of 401 and
an average maximum of 14,492 PET particles/m3 raw wastewater
and stormwater. The average minimum and average maximum
are based on the lower and upper concentrations reported in the
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literature. In our simulation scenarios, we applied the average
maximum concentrations.

Beside its density, the floating and sinking behavior of
microplastics is influenced by particle size and shape. For one
simulation, we separated the size classes 20–200 and 200–500 µm
and, based on data in Ziajahromi et al. (2017), assumed that 90%
of microplastics in WWTPs belongs to the size class 20–200 µm.
According to a comprehensive review by Sun et al. (2019), we
separated microplastics into fibers and particles and assumed that
fibers have an average proportion of 50%. All other shapes are
considered as (spherical) particles.

Microplastics Emission Calculations
Model simulations about the transport, behavior and deposition
of microplastics in the aquatic environment require the
concentrations of microplastics in and the amount of discharge
water as model input. CSS, which are common in urban areas
of the Baltic Sea region, collect surface water runoff, domestic
sewage, and industrial wastewater. Baresel and Olshammar
(2019) compiled data about and quantified the amount of
sewage water for 3,525 WWTPs in the Baltic Sea region. As
average microplastics removal efficiency in WWTPs depending
on the treatment technology we used 85% for primary treatment,
90% for secondary treatment, 95% for tertiary treatment (N
and P removal), 97% for sand-filtration and 98% for micro-
filtration. For details see Baresel and Olshammar (2019). The
concentrations of each polymer in influent sewage water, the
waste water discharge and the removal efficiency of each WWTP
allowed the quantification of the annual microplastics-discharge
from WWTPs into the river systems of the Baltic Sea region. We
complemented missing data for single WWTPs based on country
specific average amounts of wastewater per person and day as
well as taking into account the country specific percentage of the
population connected to WWTPs.

In CSS, sanitary sewer overflows take place, where untreated
wastewater is discharged from a sanitary sewer into the
aquatic environment. Usually this happens due to a temporary
insufficient hydraulic capacity after heavy precipitation. Baresel
and Olshammar (2019) assumed that in the Baltic Sea region,
weather related sanitary sewer overflow accounts for 1.5% of the
total WWTP inflow. This value was applied and for seasonal
overflow calculations, we assumed that this is equivalent to
1.5% of the time of the year. We assumed that sanitary sewer
overflows resulting from technical problems are included in the
1.5%. Separated sewer systems (SSS) collect storm water and
wastewater in separated systems. In these systems storm water
is always released into the aquatic environment usually without
treatment. For the Baltic Sea region reliable numbers about the
water discharge from SSS are lacking. We assume that SSS have
a share of 50% in the Baltic Sea region. SSS emissions are not
treated as separate pathway but are integrated into CSS emissions.

Sanitary sewer overflows are a result of heavy rains, which
do not have the same likelihood throughout the year and
differ regionally in the Baltic Sea region. To reflect realistic
conditions, the emissions were calculated on a monthly basis
for each WWTP. For each WWTP, daily precipitation amounts
were extracted from the German Weather Service (DWD) 3-h

forecasts. For the years 2009–2016, output of the LME model was
used, and for the years 2017–2018 the predictions originate from
the ICON model. The resulting daily time series over 10 years was
created by adding large-scale and convective rainfall predicted
by the model. Solid precipitation (snow) was neglected because
we assumed, that snow and snow melt plays only a minor role
for sanitary sewer overflows. For each WWTP, we identified the
98.5% percentile, meaning the amount of rain which is exceeded
on 1.5% of the days only. We then attributed the rainfall on
those days to the calendar month to create a monthly climatology
of heavy rainfall at each WWTP. The resulting seasonal pattern
describes the monthly likelihood of sewer overflow at each
WWTP. The total annual microplastics emissions were allocated
to the single months according to their overflow likelihood.

Our model approach allows a scaling of the plastic polymer
concentrations in the environment, by post-processing the
simulation results. This means the absolute concentrations
emitted via each pathway, polymer type and size class potentially
can be adjusted if new insights or better field data are available.
This is possible as long as the relative spatio-temporal emission
pattern remains the same.

Model Approach
The modeling approach follows Osinski and Radtke (2020).
We use the uncertainties in ensembles of regional reanalyses
(UERRA) high-resolution atmospheric reconstruction, provided
by sveriges meteorologiska och hydrologiska institut (SMHI), to
drive both a third-generation wave model (WAVEWATCH 3)
and a hydrodynamic model for the Baltic Sea general estuarine
transport model (GETM). Both models have a horizontal
resolution of one nautical mile. A microplastics transport module
is integrated online into the hydrodynamic model following
Osinski et al. (2020). The wave model provides wave properties
required for the calculation of bottom shear stress, and the
hydrodynamic model provides the current field used for the
passive transport of the particles, which are represented in an
Eulerian framework as a concentration per grid cell. The size,
density, and shape of the particles determine the vertical velocity
relative to the ambient water and the critical shear stress for
the resuspension. The actual shear stress at each time step is
calculated from the bottom current velocity and the significant
wave height which is provided from the wave model. Settled
particles are re-suspended when the actual shear stress exceeds
the critical value. Tidal currents are generally taken into account,
but do not play a role because the Baltic Sea is micro-tidal with a
tidal range of a few centimeters only.

Sinking velocities are determined from the Stokes
parameterization assuming a spherical shape. For each size
class, we use the lower size limit as the particle diameter assumed
for the Stokes formula, since (a) smaller particles typically have
a higher abundance and (b) deviations of larger particles from
the spherical shape would cause a reduction in the vertical
velocity, such that they would behave like smaller spherical ones
in this sense. The critical shear stress is calculated from the
Shields curve (Shields, 1936). Exception are fibers, for which
we chose the empirically determined parameterizations by
Waldschläger and Schüttrumpf (2019a) for the sinking velocity
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FIGURE 1 | Location of the about 3500 wastewater treatment plants (WWTPs) in the Baltic Sea catchment (black dots) and microplastics emission pathways/points
(rivers and direct discharge) to the Baltic Sea.
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and Waldschläger and Schüttrumpf (2019b) for the critical shear
stress. The restriction of our approach to the 20–500 µm size
class results from model limitations. Large PET particles show a
higher sinking velocity and the faster transfer from one vertical
model layer to the next one cannot be resolved with the applied
model calculation time steps and would cause model instability.
The actual values used for sinking velocity and critical shear
stress are given in the online supplement.

Beach accumulation is parameterized as follows: Particles
entering a grid cell adjacent to a land cell are immediately
removed from the model and counted as beached. An exception
are those grid cells acting as a source, such as rivers, here we
do not assume beach accumulation. A possible resuspension
and further transport of the particles is neglected. The model
simulations covered 2 years, the period from March 2016
until February 2017. Additional 2 months before were used
for model spin-up.

Scenarios for PP/PE and PET
Spatially resolved microplastics emission scenarios serve as
model input. The emission takes place at the land/sea interface.
Every (sub-)scenario serves as input for one model run. Scenarios
1 and 2 assume constant daily microplastics emissions during
the year. Scenario 1 deals with PE/PP, takes into account the
20–500 µm microplastics size fraction and considers emissions
from treated wastewater (WWTP effluents; sub-scenario 1.1),
untreated wastewater from populations not connected to
WWTPs (sub-scenario 1.2) and CSS (including both stormwater
and untreated wastewater; sub-scenario 1.3).

Scenario 2 focusses on PET but assumes different size classes
and particle shapes. Similar to scenario 1, the sub-scenarios 2.1–
2.3 take into account the 20–500 µm microplastics size fraction
and emission separated into WWTPs, untreated wastewater and
CSS including stormwater. Sub-scenarios 2.4–2.6 assume the
emissions from all three urban emission sources but distinguish
the size fractions 20–200 and 200–500 µm and separate fiber and
spherical shaped particles.

Scenario 3 deals with PE/PP and the 20–500 µm microplastics
size fraction but is restricted to emissions from CSS including
stormwater. CSS emissions are resolved on a monthly basis
according to spatio-temporal distribution of heavy rain events.
Every scenario is simulated separately.

RESULTS

Spatio-Temporal Emission Pattern to the
Baltic Sea
The calculated PE/PP emissions from the three urban sources,
namely treated wastewater, untreated wastewater (not connected
to WWTPs) and CSS (always including stormwater) into the
entire Baltic Sea are presented in Figures 2A–D. The compiled
dataset shows for PE/PP, that CSS are the most important
emission source followed by treated and untreated wastewater
(Figure 2F). Large rivers are the major pollution pathway
followed by coastal cities. In Germany, Denmark, Sweden, and
Finland practically 100% of the population is connected to

WWTPs and the average cleaning efficiency is around 95%. In
the south-eastern countries Poland, Lithuania, Latvia, Estonia,
and Russia, between 78 and 100% are connected to WWTPs as
well, but the cleaning efficiency on average is lower (85%). As
a consequence, the WWTP emissions from these countries are
relatively high. Since in most of these countries not all wastewater
is treated, microplastics emissions with untreated wastewater are
relatively high in the south-eastern Baltic, as well. Especially
Kaliningrad and St. Petersburg regions (Russia) are hot-spot in
this respect. CSS systems are common in many countries and
high emissions take place all around the Baltic, despite the fact
that sewer overflow and stormwater events are usually taking
place only during a few days per year.

With respect to PET, the emission amounts and pattern are
very similar and only exemplary shown for treated wastewater
(Figure 2E). Figure 2F provides an overview about the calculated
total emitted quantities for each of the urban pathways.

Residence Time and Relevance of Size
and Shape
Our model approach suggests, that once a PE/PP microplastic
particle enters the Baltic Sea, it stays in average about 14 days in
the water column before it is washed ashore (Figure 3A). The
residence time is about 1 day longer in summer and autumn
as well as about 1 day shorter in spring and winter. This
corresponds to the average meteorological conditions during
the seasons (stronger wind speeds and more wave action in
spring and winter) as well as to the hydrographic conditions
(thermal stratification separates surface and bottom waters
during summer and autumn).

While PE/PP is floating, PET has a density of 1.38 g/cm3

and is heavier than water. Despite that it shows a similar
average residence time of 13–14 days in the water column
(Figure 3B). The coastal Baltic Sea is shallow and turbulence
does not allow a settling close to the coast. Only after a
transport to deeper waters, a temporary settling at the sediment
surface is possible. The sandy sediments of the coastal Baltic
Sea do not allow a burial of deposited PET. The seasonality
of the residence time is less pronounced, because PET can
either be washed ashore or be accumulated at the sea floor.
The latter is favored by summerly calm weather conditions.
Especially in winter, the residence time can, in rare cases, exceed
50 days. At that time, previously accumulated microplastics
at the sea floor is re-suspended and can cause microplastic
concentrations in the water column that exceed the 50-fold of
the daily emissions. Apart from winter season, the residence
time of larger PET particles (200–500 µm) in the water
body is, with 3–7 days, much shorter because of a faster
deposition at the sea floor. The results do not show a significant
difference in residence times between spherical and fiber shaped
particles (Figures 3C–E).

Figure 4 gives an insight into the behavior of PET entering
the Baltic Sea. The short residence times indicate that only
a small share of PET can be found in the water body,
smaller (20–200 µm) and larger PET (200–500 µm) differs
with respect to their behavior in the sea. While in spring,
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FIGURE 2 | Emissions of Polyethylene (PE)/Polypropylene (PP) and Polyethylenterephthalat (PET) microplastic particles (20–500 µm size fraction) from different urban
sources to the Baltic Sea assuming no retention. Treated wastewater covers emissions from effluents of wastewater treatment plants (WWTPs; A,E). Untreated
wastewater means emissions from populations not connected to WWTPs (B). Emissions from combined sewer overflow systems (CSS), largely untreated, are kept
separately (C). Total urban emissions (D) are the sum of WWTPs, untreated wastewater and CSS. Total annual emissions from urban sources to the Baltic Sea (F).
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FIGURE 3 | Residence time of Polyethylene (PE)/Polypropylene (PP) and Polyethylenterephthalat (PET) microplastic particles in the Baltic Sea in different
meteorological seasons. The results are based on simulations with a 3D hydrodynamic model using meteorological data of the years 2016/2017. PE/PP represents
floating and PET sinking plastic. The emissions cover all three urban sources. (A,B) cover the 20–500 µm size fraction; (C) focusses on the small 20–200 µm
fraction and (D,E) address the larger fraction (200–500 µm), but separate between spherical and fiber shaped particles. The Box-Plots indicate the median, the
upper and lower quartile and 2∗standard deviation as well as extreme values.

FIGURE 4 | Relative shares of emitted Polyethylenterephthalat (PET) microplastic particles in the water column, on the sediment surface and washed ashore during
the course of a year. The results are based on simulations with a 3D hydrodynamic model using meteorological data of the years 2016/2017. The emissions cover all
three urban sources and spherical particles of the size fractions (A) 20–500 µm and (B) 200–500 µm.
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summer, and autumn about 30% of the smaller fraction
are accumulated at the sea bottom, this is true for over
70% of the larger fraction. Over 60% of the small fraction
and less than 30% of the large fraction are washed ashore.
This pattern changes in winter. Storms cause a resuspension
of particles accumulated on the sediment surface and wash
them ashore during winter. Smaller particles nearly entirely
end-up at the shore, while a share of about 10% of the
larger PET particles stays on the sea bottom. It is likely,
under our assumptions of a high shoreline-accumulation
efficiency, that very heavy storms re-suspend practically all
deposited plastic, cause a sediment surface cleaning, temporally

high concentrations in the water column and a sub-sequent
shoreline pollution.

Our model approach suggests that plastic entering the Baltic
Sea does not stay long in the sea. The relatively short residence
times of both very different plastic polymers suggests that this is
true for other plastic polymers with a comparable density, as well.

Spatial Pattern in Sediments and the Water Column
We focus the spatial model results in terms of the horizontal
patterns for the selected particle types. Our 3-D model also
provides vertical distributions in the water column, but these are
shown in the online supplement for selected stations.

FIGURE 5 | Spatial concentration of Polyethylene (PE)/Polypropylene (PP) (a) and Polyethylenterephthalat (PET) (b) microplastic particles (20–500 µm size fraction)
in the water column of the Baltic Sea and in selected sub-basins (c–e) based on simulations with a 3D hydrodynamic model. PE/PP represents floating and PET
sinking plastic. The emissions cover all three urban sources. Gray areas in the sea indicate concentration below the color scale.
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FIGURE 6 | Spatial concentration of Polyethylenterephthalat (PET) microplastic particles (20–500 µm size fraction) at the sediment surface of the Baltic Sea (a) and
in the western Baltic Sea (b) based on simulations with a 3D hydrodynamic model. PET represents sinking plastic. The emissions cover all three urban sources. Gray
areas in the sea indicate concentrations below 0.01 particles/m2.

Polyethylene (PE)/PP with its low density is floating and
as consequence a certain amount of the emitted particles are
distributed all around the Baltic Sea (Figure 5). Our model
simulations suggest that there is hardly any area in the Baltic Sea
without microplastics pollution. Wind-driven currents spread
particles within a few weeks even to central and remote sea
regions. However, the highest concentrations are observed near
the emission points and in semi-enclosed bays with high
emissions and restricted water exchange. The Gulf of Riga is
an example for that (Figure 3E). Because of the short residence
time of PE/PP particles, already after a few months, the model
shows stable conditions, and rough estimates for PE/PP and PET
particle concentrations for different sea areas can be provided.
The calculated average over the entire Baltic Sea water body is
1.4 PE/PP particles/m2 sea surface during summer. In the central
parts of the Gulf of Gdańsk and Gulf of Riga the annual average
concentrations are around two PE/PP particles/m2 and in the
central Gotland and Arkona Sea as well the Gulf of Finland
the concentrations of particles that entered via the investigated
pathways are close to 0.5 PE/PP particles/m2 in the water column.
The concentrations refer to PE/PP from urban sources only.

Polyethylene terephthalate with its higher density behaves
differently and emitted particles are sinking soon after entering
the sea. As a consequence, PET in the water column is
only observed near emission spots and in a near-shore belt
around the Baltic Sea. In sheltered areas, such as the Gulf
of Riga (Figure 2E), where wind and wave energy and
subsequent resuspension is lower, PET is not transported
far into the sea but spread with the currents along the

coast. The model suggests an average concentration in the
Baltic Sea water body of 0.7 PET particles/m2 sea surface
in summer. However, in all central sea areas and even in
central parts of the Bay of Riga and the Bay of Gdańsk
concentrations stay below 0.001 PET particles/m2 sea surface in
the annual average.

Polyethylene (PE)/PP is floating, kept in the water column
and not accumulated on the sediment surface. PET particles are
deposited at the sediment surface soon after entering the sea. As
a consequence, PET is accumulated in a coastal water belt around
the Baltic Sea. Strong local accumulations especially take place, in
sheltered areas, such as the Gulf of Riga (Figure 2E), where wind
and wave energy and subsequent resuspension is limited. The
model suggests an average concentration in the Baltic Sea water
body of nearly four PET particles/m2 sediment surface during
summer. In Øresund, the strait between Denmark and Sweden,
concentrations above 10–20 PET particles/m2 sediment surface
can be expected on annual average (Figures 6a,b).

Spatial Accumulation Pattern at Shores
The vast majority of emitted PE/PP is washed ashore in the first
few kilometers around the emission source (Figure 7). At the
coasts around St. Petersburg above 108 particles/m are washed
ashore every year according to our model approach. The example
of Riga Bay with the river Daugava and the cities Riga and Jūrmala
as major emission sources, show annual accumulations up to or
slightly above 108 particles/m, as well, but high accumulation
rates are limited to a 10 km stretch of coastline (Figure 7B).
The mouth of the Odra/Oder river in the Szczecin/Oder Lagoon,
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FIGURE 7 | Accumulation of Polyethylene (PE)/Polypropylene (PP) and Polyethylenterephthalat (PET) microplastic particles (20–500 µm size fraction) at shores of the
Baltic Sea (B,D) and in the Gulf of Riga (A,C) based on simulations with a 3D hydrodynamic model. PE/PP represents floating and PET sinking plastic. The
emissions cover all three urban sources.
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the Curonian Lagoon near Klaipeda, the Vistula Lagoon near
Kaliningrad, the Gulf of Gdańsk coast as well as fjords near
Gothenburg, Stockholm, Helsinki are predicted as other hot-
spots with annual accumulations of up to 108 particles/m2

coastline. Our model suggests that few remote sheltered areas in
the Bothnian Sea and Bay do not face significant accumulation.
For PET, this pattern is even more pronounced and an even
higher share is accumulated in the vicinity of the emission
sources. The accumulation hot-spots of PET and PE/PP are the
same and the annual accumulation numbers are comparable to
PE/PP (Figure 7D).

In detail, bottom morphometry, coastline structure, shelter,
and exposition play a very important role for the accumulation
of micro-litter at the coast. As a consequence, a strong
spatial patchiness is predicted. The limitations of the model
approach and the spatial resolution of one nautical mile do
not allow detailed analyses of pollution gradients and small
scale pattern in the vicinity of single emission sources. The
model suggests very high beach accumulations in nearly closed
and semi-closed systems, such as lagoons and fjords. It is
very likely that these systems serve as important sinks for
microplastics and reduce the pollution of the Baltic Sea. Their
‘cleaning’ efficiency should depend on several factors, and the
water exchange rate should be of major importance. However,
our present approach does not allow a reliable quantification
of this retention.

Realistic Sewer Overflow Emission
Pattern
In the previous scenario simulations, emissions from CSS were
calculated on an average annual basis. However, it is known
that overflow emissions are associated to heavy rain event and
that these events are not evenly distributed throughout the
seasons of a year. Figure 8A gives an overview about the average
monthly spatial distribution of heavy rain events in the Baltic Sea
catchment for selected months. Between December and April,
the likelihood of heavy rain events is close to zero in the entire
Baltic Sea catchment. This likelihood increases in spring until
July and August and decreases in autumn again. In the north-
western catchment (Germany, Denmark, Sweden), the maritime
climate causes a likelihood of heavy rains above 10% in all months
between May and November. In contrast, the continental climate
in south-eastern countries (Poland, the Baltic States, Belarus,
and Russia) is responsible that about 50% all heavy rains of a
year take place in July and August. This has consequences on
the CSS emissions. Figures 8B,C show the resulting hypothetical
monthly emissions of microplastics particles to the Baltic Sea
exemplary for May and July. Especially in the south-eastern
Baltic, the emissions of PE/PP in July and August from CSS
account for up to 50% of the annual CSS emissions. CSS is
by far the most important pollution pathway for PE/PP and
the same is true for PET, if the assumption of 50% combined
treatment of rain- and wastewater is correct. As a consequence,
our results suggest that in the south-eastern Baltic, more than
1/3 of the total annual microplastics emissions take place during
July and August. Our results are based on several assumptions

and simplifications and the results have to be treated with care.
However, it is very likely that microplastics emissions show a
strong seasonality and that this seasonality differs between the
Baltic Sea regions.

DISCUSSION

Uncertainties and Limitations
We used the present knowledge about location and emissions
from WWTPs, CSS systems including stormwater and
untreated wastewater (not connected to WWTPs) in the
entire Baltic Sea region, estimated the emissions of PET and
PE/PP based on a comprehensive literature search and most
recent publications and applied an up-to-date 3D model
approach. Our approach refines existing microplastics mass
emission estimates for the Baltic Sea (Siegfried et al., 2017;
Bollmann et al., 2019). However, the uncertainties of our
approach are very high. Uncertainties related to the emissions
of microplastic from WWTPs, CSS systems, and untreated
wastewater are discussed in Baresel and Olshammar (2019).
Taking into account the wide range of PP/PE and PET
concentrations in raw wastewater found in the literature,
the calculated specific emissions can over or underestimate
the reality easily by ± one order of magnitude. Talvitie et al.
(2015), for example, report extreme values above 600,000
and Simon et al. (2018) even above 7,000,000 microplastics
particles/m3 in raw water.

Apart from two simulations, we do not distinguish between
fibers, fragments, beads, spheres, flakes, and films. The share
between fibers and other fragments is based on literature and
uncertain. The same is true with respect to different microplastics
size fractions. It is well known, that beside density, shape
and size play an important role for the sinking velocity (e.g.,;
Kowalski et al., 2016; Kooi and Koelmans, 2019). Waldschläger
and Schüttrumpf (2019a; 2019b) provide an overview of data
and formulas, which were adapted by us. However, differences in
shape and size did not play an important role for the temporal and
spatial resolution we used in our model approach. As soon as the
behavior of particles within days and transport on a spatial scale
of meters are in the research focus, size and shape need to be taken
into account. Further we do not assume that during the relatively
short transport time of weeks in the environment, plastic particles
are significantly modified in their properties (e.g., density changes
because of bio-films or aggregation).

Several publications deal with retention in rivers (e.g., Nizzetto
et al., 2016; Besseling et al., 2017; Kooi et al., 2018) which depends
on particle size, shape and density. Besseling et al. (2017) carried
out scenario studies with a hydrological model and conclude
that in 40 km river practically all particles [> 100 µm spherical
polystyrene (PS)] are kept back. But this study does not cover
a long time period and it remains unclear what happens to
sedimented plastic particle in river beds during flood events.
However, some studies take retention into account in emission
calculations (e.g., Siegfried et al., 2017) and in others do not (e.g.,
van Wijnen et al., 2019). Windsor et al. (2019) state that still
little is known about the residence time of plastics in rivers and

Frontiers in Environmental Science | www.frontiersin.org 11 October 2020 | Volume 8 | Article 579361

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles


fenvs-08-579361 October 20, 2020 Time: 13:23 # 12

Schernewski et al. Microplastics in the Baltic Sea

FIGURE 8 | Average monthly spatial distribution of heavy rain events in the Baltic Sea catchment in % of the year (A). Resulting hypothetical monthly emissions of
Polyethylene (PE)/Polypropylene (PP) microplastics particles (20–500 µm size fraction) to the Baltic Sea, exemplary shown for May (B) and July (C).

their role as temporary sinks. Further, our own unpublished data
of the Warnow River does not indicate a significant retention.
To our mind, field data is still too incomplete and contradicting
(e.g., Dikareva and Simon, 2019; Wagner et al., 2019; Schmidt
et al., 2020) to enable the calculation of retention rates that
can be used in a reliable way in emission calculations on large
spatial scales. We assume that degradation during the transport
is unlikely and permanent sinks (e.g., lakes and reservoirs) are of
minor and/or only temporal relevance. However, the application

of a retention factor would affect the amount of emissions and
the spatial emission pattern. The calculation of monthly sewer
overflow emissions based on the monthly likelihood of heavy
rains is a simplified and theoretical approach. It can solely provide
a rough impression of the average seasonality of emissions.

Model approaches and simulations always provide a simplified
picture of the reality. In general, the spatial transport pattern
in the open sea are much more reliable compared to the
microplastics accumulation pattern at the coast. The spatial
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and temporal resolution of the weather input data has,
especially during extreme events, significant effects on transport,
resuspension and accumulation. We used the best available data,
but are aware of the limitations. The model grid with a size of
about 1.8 km edge length reflects only a simplified coastline and
does not represent the morphometry of smaller structures, such
as lagoons and fjords.

Our most simplifying assumption in the model is that particles
that enter a grid cell adjacent to land are assumed to be washed
ashore immediately. This means that near-shore processes are
neglected. It is obvious that the surf-zone physics cannot be
dynamically represented in a model with our grid resolution,
so the effects of, e.g., wind speed and wave height on the
accumulation efficiency are not taken into account in the model.
The result might be an overestimation of beach accumulation
efficiency and a corresponding underestimation of open-water
microplastics concentrations, residence times, and sediment
concentrations. To quantify the impact of this simplification on
the overall results, future studies should investigate the sensitivity
of the model to the chosen beach accumulation rate in dedicated
sensitivity experiments. A resuspension from the beach after
a previous accumulation is not assumed, but it is known that
especially particles with a density above 1 g/cm3 can travel along
the coast, before strong wave action causes a permanent burial
at the beach. The model assumes that particles can be washed
ashore at all kinds of coasts, even the rocky coasts of Scandinavia.
Some additional uncertainty is added by the need to translate
the number of accumulated particles in the coastal model cell
into accumulated particles per meter of coastline, whose length
in the model (where it is straight in every single grid cell) may
differ from reality.

Representativity
In a global review, Boucher and Friot (2017) assessed the primary
microplastics sources in the Oceans and conclude that 98% of
the emissions result from land-based activities. Beside tire ware,
urban wastewater can be considered as one of the major sources
of microplastics (e.g., Dris et al., 2018) world-wide (Boucher
and Friot, 2017) and in the Baltic Sea region (Siegfried et al.,
2017). It is very likely that our emission scenarios reflect the most
important inputs to the Baltic Sea.

A recent study in China (Ly et al., 2019) analyzed raw
wastewater and found the following polymer shares: PET (47%),
PS (20%), PE (18%), and PP (15%). However, the shares of
polymers in wastewater vary in a wide range. An indication which
plastic polymers can be expected in the aquatic environment
provide the production volumes. PE, PP, PVC, PS, and PET
belong to the six most commonly produced polymers worldwide
(Vermeiren et al., 2016; Geyer et al., 2017; Kooi et al., 2018).
We used PE, PP, and PET as exemplary polymers, because of
abundance in the environment and because they cover a density
spectrum from around 0.9 to 1.3 g/cm3. We can assume that
PET, PE, and PP, and the size-class up to 500 µm, which are
considered in our study constitute to over 50% of the total
microplastics emissions into the Baltic Sea, when neglecting
road runoff (tires).

With respect to the behavior in the marine environment,
a differentiation between low and high density PE (0,915–
0,97 g/cm3) and PP (0.89–0.92 g/cm3) is not necessary, because
it does not affect the spatial pattern and in the water column and
coastal accumulation significantly. This is at least true for our
spatial model resolution. The results of the polyester PET can be
transferred to PVC (1.38 g/cm3), polyvinyl acetate (1.19 g/cm3),
polyamide (1.14 g/cm3) as well, because of a comparable density.
Our simulations show only minor differences between fibers
and spherically shaped particles. However, original polymers and
the final processed plastic products often show very different
densities and behaviors in the sea. In general, the results give
an impression, how other common polymers, such as PS (0.96–
1.05 g/cm3) and polyurethane (PU; 1.2 g/cm3) may behave in
the marine environment, as well, but these polymers are often
used in form of foams with densities below 0.1 g/cm3. For plastic
products below a density of about 0.8 g/cm3 our simulations
are not representative, because with decreasing density, transport
and accumulation is increasingly determined by wind instead
of water currents.

Our model approach shows a strong accumulation of
microplastics particles around the emissions pathways and
in enclosed and semi-encloses coastal waters. Generally,
this is well supported by literature. Gewert et al. (2017)
found nearly ten times higher abundance of plastics near
central Stockholm than in offshore areas. Yonkos et al.
(2014) reported the highest microplastics concentrations near
densely populated areas of Chesapeake Bay and comparable
results exist for other estuaries and lagoons (Vianello et al.,
2013; Song et al., 2015; Vermeiren et al., 2016; Blašković
et al., 2018; Gray et al., 2018; McEachern et al., 2019).
A concrete comparison of our results with field data is
problematic, because we restrict ourselves to only three
polymers but cover the 20–500 µm particle size class. Field
studies often address the size fraction above 333 µm, using
a phytoplankton net for sampling, and therefore did not
collect the majority of microplastics (Setälä et al., 2016;
Tamminga et al., 2018).

Similar to our results, Pedrotti et al. (2016) observed
a differentiation between microplastic particles in the
Mediterranean Sea, were the floating polymers PE, PP, and
polyamides dominated at all distances off-shore and accounted
for 86–97% of the total items. The concentration in water bodies
vary in wide ranges and reflect the local emissions and the
physical situation, such as the water exchange (e.g., Song et al.,
2015; McEachern et al., 2019) and can hardly be compared
to the Baltic Sea. McEachern et al. (2019) observed higher
microplastic concentrations after intense rainfall events in the
summer. This indicates the importance of stormwater and
supports our results.

Vermeiren et al. (2016) and Wessel et al. (2016) consider
beaches as a major sink for microplastic, as well, and burial at
beaches as a potential mechanism for long term storage. Claessens
et al. (2011) suggests that the depth profile of sediment cores
from beaches may even reflect the global plastic production
increase. At sandy shorelines in a northern Gulf of Mexico
estuary microplastics was abundant and the concentrations were
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66–253 times larger than reported for the open ocean (Wessel
et al., 2016). A model study by Liubartseva et al. (2016) in the
Adriatic reports a relatively short half-life time of microplastics
in the sea of 43.7 days with a significant seasonality and considers
the shoreline as major sink, too.

A large amount of literature about microplastics in marine
sediments exists (e.g., Claessens et al., 2011; Willis et al.,
2017; Blašković et al., 2018; Gray et al., 2018; McEachern
et al., 2019). Microplastic is found in types of sediments
and highest concentrations are observed near populated areas
and near emission sources, especially in semi- and enclosed
systems (Claessens et al., 2011; Vianello et al., 2013; Gray
et al., 2018). Some authors consider the sediments even
as major sink for microplastics (Boucher et al., 2019) and
suggest that microplastics and fine sediments show similar
sinking and accumulation behavior (Vianello et al., 2013).
This questioned by other authors. Especially high loads of
microplastics fibers on deep seafloor may be largely due to
sample contamination (Willis et al., 2017). However, how long
microplastics are accumulated on the seafloor depends on
hydrodynamic conditions and turbulence. Our results indicate
that PET is accumulating over months in shallow coastal
waters. In the Baltic, these coastal waters usually show sandy
sediments reflecting deep reaching wave induced turbulence and
in the coastal Baltic Sea microplastic will hardly be able to
accumulate over years.

All our results certainly reflect the specific conditions
in the Baltic Sea. The enclosed character does not allow
a washout into other seas, its shallowness favors wave-
induced resuspension and its long and ragged coastline
facilitates fast accumulation at beaches. However, the
results are affected by the model approach and several
simplifications as well.

CONCLUSION – PRACTICAL
IMPLICATIONS

Despite all uncertainties and simplifications, the results allow
some practical conclusions and recommendations. The short
residence time of PP/PE as well as PET in the Baltic environment
of estimated 14 days and the high annual accumulation rates
calculated for shores indicate that most microplastics is not
transported over long distances but washed ashore soon after
the emission. A consequence is that beaches and shores are
the major sink for plastic and that the highest pollution
takes place close to the emission source. This means that a
microplastic monitoring should focus on surface accumulations
in the flood zone/tidal seam of beaches and that sampling
should take place in the surrounding of emission sources.
To catch the spatial gradients, several sampling spots along
a beach with increasing distance from the emission source
are recommendable.

The model calculates the highest particle accumulations at
the shores of semi- or enclosed water bodies, such as fjords,
bays, and lagoons. It seems that these systems serve as effective
sink and retention unit for microplastics and protect the open

Baltic Sea from pollution. To get a better insight into this
retention function and capacity a monitoring of these systems is
especially recommended.

Our simulations suggest that microplastic particles on the
sediment surface stay only for weeks and few months. They
are presumably washed ashore after each storm event because
of wave-induced resuspension and subsequent accumulation at
the coast. A sampling of the water column or the surface or
the sediment surface of the coastal sea is less recommendable,
because it only reflects concentrations resulting from the most
recent emission events and the concentrations largely depend
on previous weather conditions as well as resuspension events.
Because of hydrodynamic conditions, bottom bathymetry, water
depths, and the course of coastline, concentration patterns show a
strong spatial variability. From our point of view, single observed
concentrations in the water column or on the sediment surface
can hardly be regarded as spatially or temporally representative
and cannot serve as an indicator for the general state of
pollution, at least in the Baltic Sea. This is especially true when
additionally taking into account the methodological problems
and uncertainties associated to existing field data.

It is well known that nutrients entering the Baltic Sea have
a residence time of around 30 years and emission reductions
only cause a slow recovery from eutrophication. This is different
with respect to microplastics particles. Their short residence
time in the Baltic Sea means that concentrations observed
in the water body and on sediment surfaces reach a steady
state already after a few months. Therefore, microplastics
emission reductions would have an immediate positive effect
on the pollution of the Baltic Sea. Our simulations suggest
that preventing all emissions would result in a practically
microplastics unpolluted sea already within 1 year. The coastal
areas would contain and absorb the overwhelming majority of the
microplastics loads.

Combined sewer overflow systems seems to be not only
the most important quantitative urban emission pathway,
but seems to have a strong seasonality. The summer
months, especially in the south-eastern Baltic Sea seems
to be most important with respect to emitted amounts.
To efficiently reduce the microplastics load into the Baltic
Sea requires measures tackling CSS as a major pathway.
High emissions after heavy rain events and subsequent
accumulations at nearby beaches call for a complementary
event based monitoring. An event-based monitoring is
recommended after heavy storms, as well, because a large
share, even of heavier particles will be washed ashore.
A flood zone beach monitoring after storms will provide
a good insight into type and abundance of polymers
polluting the Baltic Sea.

The majority of plastic polymers have a density between 0.8
and 1.5 g/cm3. Of course, density, size, and shape do affect
their behavior in the Baltic Sea, but on a time-scale of months
not too much. Proximity to the emission source appears to be
the most important driver for differences in beaching rates for
every particle class investigated. This has two implications: A
few polymer-types, e.g., PET, PE/PP, can serve as indicators for
the state of pollution. If the emissions of other plastic polymers
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are known, the overall pollution of different parts of aquatic
environment can be estimated based on these few indicator
polymers because spatial distribution pattern can be calculated
based on the model results. If the size of particles, on time-
scales of months, does not play a major role, then larger particle
can be used as indicators as long as it is known that they
originate from the same sources (such as a WWTPs) and the
ratio between their emission rates remains stable. The large
micro- (1–5 mm) and mesoplastic size fraction (5–25 mm)
can be easily monitored in a flood zone and the observed
larger polymer types can be determined at relatively low costs.
The concentration of these larger particles can potentially be
used as indicator for the pollution with microplastic particles
of a size below 1 mm. We encourage future studies to look
further into the feasibility of using larger plastic particles as
pollution indicators.
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FIGURE S1 | Western Baltic: emissions of Polyethylene (PE)/Polypropylene (PP;
b) and Polyethylenterephthalat (PET; a) microplastic particles (20–500 µm size
fraction) from all urban sources to the Baltic Sea.

FIGURE S2 | Gulf of Finland: emissions of Polyethylene (PE)/Polypropylene (PP; b)
and Polyethylenterephthalat (PET; a) microplastic particles (20–500 µm size
fraction) from all urban sources to the Baltic Sea.

FIGURE S3 | Gulf of Riga: emissions of Polyethylene (PE)/Polypropylene (PP; b)
and Polyethylenterephthalat (PET; a) microplastic particles (20–500 µm size
fraction) from all urban sources to the Baltic Sea.

FIGURE S4 | Western Baltic: spatial concentration of Polyethylene
(PE)/Polypropylene (PP; b) and Polyethylenterephthalat (PET; a) microplastic
particles (20–500 µm size fraction) in the water column of the Baltic Sea. The
emissions cover all three urban sources. Gray areas in the sea indicate
concentration below the color scale.

FIGURE S5 | Gulf of Finland: spatial concentration of Polyethylene
(PE)/Polypropylene (PP; b) and Polyethylenterephthalat (PET; a) microplastic
particles (20–500 µm size fraction) in the water column of the Baltic Sea. The
emissions cover all three urban sources. Gray areas in the sea indicate
concentration below the color scale.

FIGURE S6 | Gulf of Riga: spatial concentration of Polyethylene
(PE)/Polypropylene (PP; b) and Polyethylenterephthalat (PET; a) microplastic
particles (20–500 µm size fraction) in the water column of the Baltic Sea. The
emissions cover all three urban sources. Gray areas in the sea indicate
concentration below the color scale.

FIGURE S7 | Spatial concentration of Polyethylenterephthalat (PET) microplastic
particles (20–500 mm size fraction) at the sediment surface of the western Baltic
Sea (a), the Gulf of Finland (b) and the Gulf of Riga (c) based on simulations with
a 3D hydrodynamic model. PET represents sinking plastic. The emissions cover all
three urban sources. Gray areas in the sea indicate concentrations below 0.01
particles/m2.

FIGURE S8 | Western Baltic: accumulation of Polyethylene (PE)/Polypropylene
(PP; b) and Polyethylenterephthalat (PET; a) microplasticparticles (20–500 µm size
fraction) at shores based on simulations with a 3D hydrodynamic model. PE/PP

represents floating and PET sinking plastic. The emissions cover all
three urban sources.

FIGURE S9 | Gulf of Finland: accumulation of Polyethylene (PE)/Polypropylene
(PP; b) and Polyethylenterephthalat (PET; a) microplastic particles (20–500 µm
size fraction) at shores based on simulations with a 3D hydrodynamic model.
PE/PP represents floating and PET sinking plastic. The emissions cover all
three urban sources.

FIGURE S10 | Western Baltic: accumulation of Polyethylene (PE)/Polypropylene
(PP; b) and Polyethylenterephthalat (PET; a) microplastic particles (20–500 µm
size fraction) at shores based on simulations with a 3D hydrodynamic model.
PE/PP represents floating and PET sinking plastic. The emissions cover all
three urban sources.

FIGURE S11 | (a) Sinking velocities and critical shear stress: Both sinking
velocities and critical shear stresses for microplastics particles depend on
viscosity, therefore they vary with temperature. The example shows values for
10◦C water temperature. (b) Vertical profiles of MP distribution: The following
image shows mean vertical profiles (March 2016–February 2017) for two different
types of microplastics for station HELCOM121 (Gulf of Riga, 23.617◦E,
57.6167◦N) as an example.
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