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This study considers the transport of microplastics (MPs) from inland waters (rivers and
lakes) to coastal waters and then to the open sea. A three-dimensional MP Eulerian
tracer model based on the HIROMB-BOOS model (HBM) with wave-induced transport
and biofouling process is used. Multilayer two-way nested model grids with 3-0.5-0.25-
0.05 nautical mile resolutions are applied to resolve relevant riverine—estuarial-coastal
hydrodynamics with a focus on the southern waters in the Gulf of Riga. The major river of
the Gulf of Riga, Daugava, is governed by the Riga Hydro Power Station (RHPS) with high
daily and weekly variability of the runoff creating more intense outflows during its working
hours. This gives additional complexity when calibrating this model. The model results are
validated against MP observations that are collected on various cruises in the summer of
2018 in the Gulf of Riga. There exists a strong synoptic variability in the observations, which
are also reproduced. As the rivers are the primary source of MPs, a special backtracking
algorithm was developed to find the most possible source of pollutants at a given location
and time. The backtracking algorithm includes optimization with respect to salinity in order
to prefer trajectories coming from freshwater and, consequently, MP sources. Lagrangian
drift studies are performed for events with high precipitation in the estuary domain when
sewer overflow at wastewater treatment plants (WWTPs) can occur, and the results are
compared with different MP components in observations.

Keywords: two-way nesting, microplastics, biofouling, riverine-estuarial-coastal modeling, marine plastic
modeling

INTRODUCTION

Research on microplastic (MP) pollution is accelerating in oceanographic science because of its
uncertain and potentially devastating influence on ocean health in the long term. Most of the
MPs enter the seas and oceans from the land and typically exceed the MPs created either by the
shipping industry or disintegration of macroplastics in the sea (Boucher and Friot, 2017; Coyle
et al., 2020). On the other hand, coastal zones are among the most vulnerable environments with
a large variety of marine species. Therefore, the transport and fate of MPs in the land-to-ocean
aquatic continuum (LOAC) has to be investigated more in detail, either by monitoring, modeling,
or integrated monitoring-modeling approaches. Although MP monitoring-related research has
been extensively carried out in the last decade (e.g., Setild et al., 2016; Karlsson et al., 2020; Aigars
et al., 2021), MP observations are still far from sufficient to resolve MP transport processes in the
LOAC system, especially in the river mouth, estuary, and inland waters. The observation research
also faces significant challenges on the uncertainty and consistency between different datasets due
to varying monitoring methods and standards (She et al., 2022). Since MP particles are so small
that they can be treated as suspended particle matter (SPM) in hydrodynamic models, modeling
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has become an important tool to understand the pathway and
fate of the MPs in the sea. Modeling of SPM has been developed
by implementing an SPM module in a three-dimensional (3D)
hydrodynamic model, including the driving force from weather
and wave models (Pleskachevsky et al., 2005; Gayer et al., 2006).
A similar method has been used to simulate MP transportation in
the Baltic Sea. A 3D MP model (Osinski et al., 2020; Schernewski
et al,, 2021) in the Baltic Sea was made based on the GETM
ocean circulation model, with the inclusion of resuspension of
MP floating and non-floating fractions. However, biofouling
of MP particles is not included in these studies, which leads to
an increasing fraction of floating MPs, especially in the surface
layer. Biofouling is regarded as a major sink term for floating MP
particles in the sea; thus, it needs to be resolved in the MP models.
Some other recent modeling studies in the Mediterranean (e.g.,
Tsiaras et al., 2021) and Baltic Seas (Murawski et al., 2022) have
included parameterization of biofouling of MP particles. The
results show that the models are capable of simulating general
spatial patterns of MPs in the seas.

However, existing 3D MP modeling focuses mainly on MP
transportation from coastal areas to open seas. There are still
two major challenges when using the current MP models on MP
transport and transformation from inland to coastal waters. The
first is that, in the current practice, the river to sea MP flux is
calculated as a product of prescribed MP concentration, riverine
discharge, and ocean model currents at the river source grid,
which makes the detailed modeling of riverine MP retention and
riverine—estuarial MP exchange, and also related phenomenon
such as river plumes, not possible. Inland waters (rivers, lakes)
and related infrastructures, e.g., dams and hydropower plants,
are major sinks of land-derived MPs in the catchments. Existing
research has shown the importance of river retention rate in MP
modeling (Schernewski et al., 2021). For slow-moving and non-
tidal rivers, Besseling et al. (2006) found that the model with
particle aggregation predicted a 100% retention rate for particles
>50 um. However, it should be noted that this study applied a
flow speed of 0.2 m/s. The situation can be quite different for
fast-moving rivers. Large river flow velocity may be caused by a
large topography slope or a large amount of runoff flux as a result
of either snow/ice melting or heavy rain. The increased flow
velocity will generate a significant amount of resuspension and
turbulence, which can both effectively move the MPs in the water
body and also clean the “old” MP sedimentation. Schuchardt
et al. (2013) measured MP concentrations in the Unterweser,
a German river flowing into the North Sea. When considering
realistic river flow rates, the observations suggest that most of
the particles will remain mobile and will ultimately flow with the
water into the North Sea. The flow can reach 1.4 and 1.2 m/s in
the ebb stream and flood stream, respectively. In a recent study,
Hurley et al. (2018) found that flooding can completely change
MP transportation in the river: a catchment-wide winter flooding
in 2015/2016 in northeastern England effectively flushed out
approximately 70% of MPs in the riverbeds, which is equivalent
to 0.85 + 0.27 tons or 43 * 14 billion particles. Several significant
flood events will be able to effectively flush a major part of the
particles stored in the riverbed. Hence, it is important to include
MP transportation generated by the floods. However, detailed

knowledge of MP retention in inland waters is still largely not
available due to the lack of observations and advanced modeling.

The second challenge is that resolutions used in the previous
3D MP models are too coarse (1 km or coarser) to resolve complex
estuary features, such as lagoons, outlets, and narrow passages
that serve as connections between the rivers and coastal waters.
In the Baltic Sea, these include some large river-estuary systems
such as the Neman estuary (Neman River-Curonian Lagoon)
and West Oder estuary (Oder River-Szczecin Lagoon) regions.
Similar to inland waters, these estuary regions serve as important
buffer and retention zones of MPs before they are transported
to the coastal seas. The lack of model resolution in these regions
can lead to inaccurate modeling on the estuarial-coastal MP
exchange. It is quite often that a resolution up to tens of meters
is required (Frishfelds et al., 2021). The recent development in
seamless modeling has enabled a modeling capacity to resolve the
LOAC system with flexible model grids (She and Murawski, 2018;
Frishfelds et al., 2021; Murawski et al., 2022). For example, a 3D
hydrodynamic model, the HIROMB-BOOS model (HBM), has
been applied to riverine-estuarial-coastal-open sea modeling
with multiple two-way nested domains (Frishfelds et al., 2021;
Murawski et al., 2021).

The purpose of this study was to apply the seamless modeling
tool HBM to simulate the MP transport and transformation
from inland to coastal waters and to evaluate the influence of
MP retention in inland waters on MP concentration in open
waters. The feature of this MP modeling study is that the inland
waters, including impacts of an upstream hydropower plant, will
be explicitly resolved in a two-way nested MP model. The study
will be performed with a focus on the transport of MPs from the
Daugava and Lielupe rivers and nearby lakes into the Gulf of Riga
and the Baltic Sea. Hydrographic observations in Latvian inland
waters and MP observations in coastal and open waters of the
Gulf of Riga will be used to validate the model performance.

The relatively isolated Gulf of Riga with estuaries of the
two main rivers Daugava and Lielupe provides a characteristic
testing case to consider MP dynamics from inland-coastal scales
to open-sea scales. The retention time in the Gulf of Riga is
2-3 years (Hékanson and Bryhn, 2008), and the primary water
exchange with the Baltic proper occurs through the Irbe Strait.
The characteristic lifetime of floating MPs does not exceed a year.
Therefore, the concentration of MPs in the southeastern part of
the Gulf of Riga primarily depends on the contribution of MPs
by the Daugava estuary. The direction of spreading of MPs from
Daugava into the Gulf of Riga depends on surface currents at a
particular time. There are contradicting views (Yurkovskis et al.,
1993; Soosaar et al., 2014) on whether cyclonic or anticyclonic
circulation dominates in the Gulf of Riga. As Suursaar et al.
(2012) suggested, it largely depends on the cyclonic activity.
Furthermore, significant seasonal variations exist (Lips et al.,
2016). Double gyre circulation is also prominent in the Gulf of
Riga (Soosaar et al., 2014).

Most of the released MPs sink to the bottom of the sea either
due to initial MP-specific gravity heavier than the seawater or
due to biofouling (Koo et al., 2017; Coyle et al., 2020) of lighter
MP fractions. Some floating fractions of MPs get washed to
the shore, but it is more likely for meso- or macroplastics
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(Hinata et al.,, 2017). It is supposed here that the concentration
of chlorophyll a (CHL-a) has a main influence on the biofouling
rate in the sea (Murawski et al., 2022). Strictly speaking, CHL-a
should not be considered the main driver of biofouling, but it can
still be regarded as a good indicator of the amount of biomaterial
in the sea. Furthermore, CHL-a concentration is available through
the ERGOM model for the Baltic Sea in the Copernicus Marine
Environment Monitoring Service (CMEMS). CHL-a concentrations
can vary considerably, but river estuaries are usually not included in
the biochemical reanalysis or forecasts of the sea. In the estimates
of Finnish rivers, Raike et al. (2003) suggest that the concentration
of CHL-a is sufficient for the biofouling of MPs for most of the
year. Moreover, CHL-a concentrations are usually higher at lower
latitudes with a milder winter season. In this paper, it is assumed
that CHL-a in the inland waters is always sufficient for generating
MP biofouling.

The observed MP concentration is strongly dependent on the size
and shape of the MP particles. Depending on their shape, they are
usually classified as fibers, fragments, and films (Aigars et al., 2021).
The relative fraction of fibers could be rather large (Coyle et al.,
2020; Ramirez-Alvarez et al., 2020). However, the concentration of
fibers can be rather uncertain because they can be leaked through
a filter due to their small diameter (She et al, 2022). Open-sea
observations are usually performed with the trawl method with a
focus on MPs with a particle size larger than 300 um. Thus, there
are much fewer observation data about smaller-sized MP particles
and also subsurface waters. MP observations are still relatively costly
which prevents us to perform these observations on a regular basis.
Most of the MP observations are performed from spring to autumn.
Summer and autumn benefit from warmer waters, whereas MP
observations in spring require less cleaning as there is less amount of
floating biomaterial in the sea (Zalewska et al., 2021).

The Daugava estuary located between the Riga Hydro Power
Station (RHPS) and the river outlet has a relatively low residence
time ranging from a few hours to a few days depending on the
upstream runoff at the RHPS. Such an interval is insufficient for the

significant biofouling of larger MP particles. Therefore, the high-
resolution estuary domain in the model includes also the river Jugla
which enters the Daugava estuary through two lakes (Figure 1,
right). The residence time in these lakes can range from weeks to
months, resulting in significant biofouling there.

The paper is organized as follows: first, the model setup will
be described; next, the modeled physical parameters and MP
concentration in the riverine-estuarial-coastal area will be verified,
the role of river retention in the estuary domain will be examined,
and the results of MPs in the Gulf of Riga will be studied and
discussed. Finally, a conclusion will be given.

MODEL SETUP AND INPUT DATA
Model Setup

The oceanographic model on the transport of MPs is built based
on the HBM which enables a seamless transition from ocean to
estuary scales by using the dynamic two-way nesting (Murawski
et al., 2021; Frishfelds et al., 2021) and the HBM-based MP
dynamic module (Murawski et al., 2022), which includes three
two-way nested domains, hereafter referred to as the three-
domain model:

o North Sea—coarse resolution with 3 nm (nautical miles), 50
vertical layers (Figure 2)

o Wadden Sea—resolution 1 nm, 24 vertical layers (Figure 2)

o Baltic Sea—0.5 nm resolution, 122 vertical layers (Figures 2, 3)

We further added two nested layers with higher resolutions
in the Gulf of Riga and inland waters to form a five-domain MP
model:

o Gulf of Riga—0.25 nm resolution, 55 vertical layers
(Figures 1-3)

o Riga domain—0.05 nm resolution, 22 vertical layers
(Figures 1-3)

|

connecting the Daugava and Lielupe rivers is shown with red font.

FIGURE 1| Left: Bathymetry and mesh in the high-resolution domains of the setup. Red is part of the Baltic Sea domain, green—the Gulf of Riga domain, and
blue—the fine-grid domain of the Daugava and Lielupe rivers. Right: Localization map in the estuary domain. The rectangle represents domain boundaries (blue grid
in the left figure). Circles with names in italic are observation stations. The other names in black are the main rivers contributing to the estuary domain. Bullupe River
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FIGURE 2 | Domains of the HBM setup. Dashed line—the North Sea, dot-dot-dashed —the Wadden Sea, solid—the Baltic Sea, dot-dashed—the Gulf of Riga, and

The sea-level boundary condition at the North Sea is derived
from a two-dimensional wind-driven NOAMOD model in the
Atlantic Ocean and adding 15 tidal components. The model is
compared to a three-domain setup (the first 3 domains) where
the Gulf of Riga and the Baltic Sea are resolved in the original 0.5-
nm horizontal resolution. The three-domain setup is a derivative
of an earlier version of the Danish storm surge setup DKSS used
at the Danish Meteorological Institute, which has been validated
extensively for operational forecasting. More details of this setup
can be found in Murawski et al. (2022). The configuration of the
fifth domain of the estuary and inland waters is derived from the
HYWAS-PORT operational service (Sennikovs et al., 2021) for
Latvian ports as a CMEMS coastal application.

The performance of the physical parameters is also compared
with the standalone operational HBM setup for the Daugava
estuary in the CMEMS coastal application (Sennikovs et al,
2021), where the northern boundary in the Gulf of Riga is

placed at 57.085°N. It uses boundary conditions from the HBM
operational setup designed for Latvian territorial waters at the
University of Latvia with 1.6 km resolution which is optimized
for stations in the Gulf of Riga. The fine-grid domain in the
standalone setup has a horizontal resolution of 38 m in the
Daugava estuary.

HBM is a three-dimensional, free-surface, baroclinic ocean
circulation model (Frishfelds et al., 2021; Murawski et al., 2021).
The model code is efficient and highly parallelized both with
OpenMP and MPI interfaces (Berg and Poulsen, 2012). The HBM
model allows for a full two-way nesting of grids with different
vertical and horizontal resolutions as well as time resolution.
Meier’s formulation (Meier, 2001) of thermodynamics is applied
here which is well suited for the seas and oceans.

The bathymetry of the Gulf of Riga is derived from the
EMODnet database of 2018. The Latvian territorial waters are
resolved well in this database as it includes updated data from

5 domain two-way
nested HBM model

122 vertical layers

300 pm fraction
April 15, 2018, 00:00 -

FIGURE 3| High-resolution domains inside the Baltic Sea domain. The color map represents the modeled surface concentration of 300 um of MP particles on

April 15, 2018, showing the Daugava River plume after a spring flood.

Lielupe river, run-
off ~110 m¥s

Jugla river , run-off ~15 m¥s

Daugava Hydro Power
station, run-off ~600 m%s

Frontiers in Marine Science | www.frontiersin.org

July 2022 | Volume 9 | Article 886775


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

Frishfelds et al.

Microplastics in Coastal-Estuary Continuum

the Maritime Administration of Latvia. The bathymetry of Riga
and Jurmala ports including dredged areas and shipping routes
is obtained from the latest depth survey by port authorities.
Daugava River is shippable up to Andrejosta. Smaller ships can
use the Lielupe River with approximately 10 m depth. Kisezers
and Jugla lakes are rather shallow lakes with a depth of 0-4 m.
Flooding (wetting/drying cells) is enabled up to 0.41 m above
zero level in the LAS-2000,5 height reference system. Enabling
even higher-level wetting and drying would increase instabilities,
and a lower time step has to be used in the simulations. However,
flooding can deliver a large amount of MPs, which will be
addressed in the next section.

Meteorological forcing is derived from a regional scale,
non-hydrostatic DMI’s regional numerical weather forecast
products with a high horizontal resolution of 2.5 km, which is
very important for the coastal systems with strong cross-shore
gradients. The atmospheric parameters comprise the hourly
instantaneous values of the mean sea level pressure, the wind
speed at 10 m height, the temperature and relative moisture at
2 m height, the cloudiness, and the hourly accumulated value of
precipitation. Wind forcing is applied using the Charnock wind
stress formulation (Charnock, 1955) at the water surface

=G W W),
where W is the wind speed at 10 m height, u is the surface
current, and p,,, is the air density. Coeflicient C, is dependent on
wind speed according to Kara et al. (2000).

Dynamics of Microplastics
MP particles are considered passive tracers in the HBM model,
i.e., their transport is driven by three-dimensional advection
and dispersion within the ocean circulation model. They are
subjected to biofouling in the presence of organic material in
the sea. The methodology follows the formulation presented in
Koo et al. (2017). The particles are considered to be spherical
which simplifies the description of biofilm growth. One of the
main constituents characterizing the amount of organic material
and the rate of biofouling is CHL-a. If there is only a small
concentration of CHL-a, biofouling does not occur. However, if
the CHL-a concentration exceeds ~1 mg/m’, then the organic
layer starts to grow on the surface of the MP particle, making it
less buoyant which leads to sinking. The sinking rate is estimated
by using Stokes drag on a spherical particle. The methodology
itself is described in Murawski et al. (2022). Three MP fractions
are considered: tire wear particles with the size of 5 um and
household particles with diameters of 42 and 300 pum. The first
fraction has a density of 1,027 kg/m? whereas the density of
the floating fractions is 965 kg/m?. The density of the biofilm is
assumed to be 1,388 kg/m?. The larger particles float longer about
a month as they require a longer period of biofouling to sink.
The smaller-sized fraction of tire wear is not buoyant at the
start and sinks already at the start. However, the Stokes formula
suggests that sinking speed is relatively small for particles with
a diameter of 5 pm as compared to larger particles with a thick

layer of organic material. Thus, the larger particles may sink
even faster when they have gotten enough of the biofilm. The
real description of the sinking of MPs is much more complicated
with possible oscillatory behavior (Coyle et al., 2020). However,
observations are taken predominantly in the surface water layer;
thus, the simplified approach is still useful.

Freshwater inflows are considered to be the sources of MPs.
Although the hydrodynamic model covers both the Baltic and
North Seas, only MP sources from the Baltic Sea catchment are
included. The source mapping of MPs in the Baltic Sea is made by
yearly average data of MPs released into the sea that are derived
from urbanization density for each coastal area (Murawski
et al.,, 2022). MP sources are distributed along different river
outlets, and each river has its own concentration of different MP
fractions. Insufficient MP data for all months of the season did
not allow to include seasonal variations of MP concentration
for each source of MPs. Moreover, it could lead to very high MP
concentrations in rivers at low runoff. Therefore, it is assumed
that the release of MPs by rivers is proportional to the runoft for
each of the sources. That means there is a constant concentration
of each MP fraction at the river outlet, and the constants for
each river are derived from the MP source mapping (Murawski
et al., 2022). That assumption works well in the Baltic Sea scale.
The amount of MPs at different river sections and branches
depends considerably on the local density of urbanization (Yan
et al., 2021). The number of observations in the coastal area is
insufficient for the accurate setting of MP sources in the Daugava
estuary domain. Therefore, MP source concentrations for smaller
rivers in the estuary domain are put the same as for the Daugava
River. Households that are disconnected from WWTPs are
included in estimating source mapping of MPs in the Baltic Sea.
As an example, there is still about 10% of the population not
connected to WWTPs in Latvia and that could give comparable
MP pollution (Schernewski et al., 2021), and its estimate is
included in the source mapping of MPs (Murawski et al., 2022).

MP Observations

Observations usually include only the larger fraction as the mesh
size of sieves used in the trawl method typically varies from 100
to 500 pm. Thus, there is currently a lack of data to verify the
dynamics of smaller-sized particles in the Gulf of Riga and also
the Baltic Sea (She et al., 2022). Observations of MPs are usually
expressed as the number of particles per cubic meter, whereas
the model uses mass concentration. The size of the observed MP
particles is not uniform, and just the minimum size depends on
the filter. The typical diameter of MP fragments with the trawl
method is around 500 um. The Pearson correlation coefficient
or simply correlation does not depend on the units, and it will
be used as a measure to assess the quality of MP modeling
assumptions. Observations by the Technical University of Tallinn
(TalTech) in the Gulf of Finland and the Gulf of Riga in the
HELCOM database demonstrated that the observed MP value
can differ multiple times and even by a particle per cubic meter
from different transects on the same day and location within
an open-sea area of a few square kilometers. The numerical
model cannot reproduce these highly variable MP observations

Frontiers in Marine Science | www.frontiersin.org

July 2022 | Volume 9 | Article 886775


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

Frishfelds et al.

Microplastics in Coastal-Estuary Continuum

in detail. In general, the larger size of the sample volume yields
better results. Unfortunately, the size of the characteristic
confidence interval of MPs is too large compared to the observed
MP value because of two factors: the sampling area is a thousand
times smaller than the area of squared transect length and the
low concentration of MP particles. Therefore, only the qualitative
comparison of model runs with observations will be considered
in a water body with a strong gradient of MPs as in the Gulf of
Riga with a dominant source of the Daugava River. This can be
addressed by the Pearson correlation coefficient as what was
done in the Results section.

The Latvian Institute of Aquatic Ecology (LIAE) performed
MP observations in the summer-autumn of 2018 in the Gulf
of Riga and the western coast of Latvia during five monitoring
cruises (Aigars et al., 2021). The transects of observations in June,
July, August, and September are presented on a website (LHEI,
2018). The length of the transects in the observations is typically
about 3.6 km. Some transects are shorter if there were biological
remnants on the surface. Sampling was performed by using a
Manta net (mesh size 300 pm) that was towed from the side of
the vessel for 1 h. The average sample volume was about 639.1 m?,
which is typically a few times higher than the observations by
TalTech. Nevertheless, TalTech observations cover repeated
year-to-year missions at Estonian stations enabling seasonal
verifications (Murawski et al., 2022).

Freshwater Inflow

The freshwater inflow is estimated from the high-resolution pan-
European water model (E-hype) data (Donnelly et al., 2016).
River discharge locations in the model may slightly differ from
real river outlets due to the limited resolutions of both the E-hype
and HBM models. The E-hype model yields a reasonable estimate
for total average river runoff, but it may underpredict high runoft
events and yield a higher runoff value in drier periods. Fifteen
major river sources are selected in the Gulf of Riga. Due to the
importance of the RHPS to the Daugava River runoff, runoff
data from the RHPS are used as well. It is noted that E-hype does
not include the specific regimes of hydro power stations. Quick
opening and closing of the RHPS gates can affect the release
of MPs from the river estuary by bringing MPs from deeper
layers to the surface. Runoff at the RHPS is typically higher in
the rush hours of business days when the electricity price in the
North European electricity market “Nord Pool” is the highest.
Therefore, runoff data from the RHPS are used from the year
2020. Hourly runoft data are averaged from the 10-min data of
the RHPS. The data show that runoft between gate opening and

closing periods can differ more than 100 times. In order to mimic
the varying runoffs in the years before 2020, the E-hype runoff is
multiplied by a coefficient of 0.24 in the gate closing period (night
hours), 0.45 on weekend days, and 2.25 in working hours of business
days. In this way, the weekly average runoff remains the same as that
of E-hype but has strong variation in time. The Daugava runoft is of
high importance as it contributes more than half of all freshwater
inflow in the Gulf of Riga. The contributions of smaller rivers to
the Daugava River in the high-resolution estuary domain are also
estimated from E-hype. The most interesting is the Jugla River with
a mean runoff of about 14 m*/s, which runs into Daugava through
two lakes. Therefore, it enables us to consider longer residence times
of MPs in the high-resolution estuary domain.

Model Runs

As MP observations in the Gulf of Riga are present for the period
starting from 2014 with most of the data for the year 2018, then
the simulation period is adjusted accordingly to cover the period
from July 1, 2017, to the year 2020 in seven different variants
(v1-v7) (see Table 1 in the Results section). The initial conditions
are derived from previous multiyear runs, assuming that MP
concentration will be saturated from the year 2018 in the Gulf of
Riga (variants v1, v2, v4). Additionally, the three-domain setup
covers the period from July 1, 2013, up to 2020 (Murawski et al.,
2022). MP distribution on July 1, 2017, is used as a new starting
condition for the five-domain setup in the later runs (variants
v3, v5, v6, v7). Initial conditions for temperature and salinity in
the Baltic Sea and the North Sea are derived from the CMEMS
reanalysis products. In order to test the influence of the estuary
domain, the following simulation experiments were performed:
control runs with the three-domain setup without the estuary
domain (variants v1, v3), control runs with river runoff as in
E-hype (variants v1, v2, v3), an adjusted run with characteristic
RHPS runoff cycle but keeping the same amount of weekly runoff
as in E-hype (variants v4, v5, v6, v7), a no-biofouling testing run
without biofouling in the inland water domain (variant v5), and a
no-sedimentation run without sedimentation in the inland water
domain (variant v7).

BackTracking

In order to see the possible origin of MPs and traveling time,
a backward drift method is introduced. A backtrack (@yvind
et al, 2011), i.e., a trajectory that a water parcel would have
traveled to reach a specific location and time, is searched for each
observation in order to estimate the most probable source of MPs.

TABLE 1 | Correlations between observations of MP fragments performed by the LIAE in 2018 with different variants of the model setup.

Variant Correlation Description Start year
al 0.6867 Three-domain 2017
v2 0.7065 Five-domain 2017
v3 0.6743 Three-domain 2013
va 0.6912 Five-domain hydropower cycle 2017
v5 0.56602 Five-domain hydropower cycle and no CHL in the river domain 2013
v6 0.6939 Five-domain hydropower cycle 2013
V7 0.6813 Five-domain hydropower cycle, no sediment in the river domain 2013
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A small stochastic uncertainty of currents with an amplitude of
e= 0.2 m/s is added to account for the dispersion as what was
done in @yvind and Allen (2008) for a Markov process:

dx=v-dt+ k-c-dt, 2

where dx is the change in horizontal position during time step
dt and surface currents v, k are two-dimensional vectors with
random coordinates in a square box (-0.5,0.5) x (-0.5,0.5). Only
ocean surface currents are considered in the drift calculations, i.e.,
wind drift and Stokes drift are neglected. A simple optimization
of 9,000 backward trajectories with respect to salinity is added
in order to prefer those backtracking trajectories that are
originating from the river sources. Due to horizontal dispersion,
the methodology could result in several river sources; therefore,
those rivers with smaller backtracking duration and lower
salinity (more intense freshwater source) are preferred in the
optimization.

RESULTS

Hydrodynamic Simulation in Inland-
Estuarial-Coastal Waters

The transport of MPs in coastal scales largely depended on local
hydrodynamics as the small particles behaved like passive tracers.
As a consequence, the quality of MP transport largely relied on
correct currents of the high-resolution domains. Therefore, the
performance of the physical parameters of the coastal model in
the inland and estuarial areas was examined first. Observation
of the currents at Riga station, i.e., the channel connecting the
Daugava River and Kisezers lake (Figure 1, right), was used to
assess the model quality. As shown in Figure 4, the model with
two-way nesting in the five-domain configuration predicts the
currents at Riga station much better than the standalone inland

water model with 38 m resolution, when using the RHPS river
runoff data. The latter overpredicts the inflow (Figure 4). The
flow at Riga station through the Milgravis channel was influenced
by multiple factors such as the Daugava River runoff, Jugla River
runoff, storm surge, winds, and port seiches. Both the model
and observations showed that the direction of the flow changed
direction irregularly due to sea-level oscillations in Kisezers lake
for a period of 2-5 h. Nevertheless, it was usually either storm
surge or runoff at the RHPS that triggered the change of flow
direction at Riga station. The Pearson correlation coefficient
between the observed and modeled flow at the Riga station was
5%-15% improved when real hourly runoff from the RHPS was
used instead of E-hype data (see Figure 5). In the second half of
2020, the monthly correlation was improved from about 0.6 to
about 0.7 by including specific RHPS runoff. The case with the
standalone setup had the lowest correlation as it lacked two-way
nesting with the Gulf of Riga despite having a higher resolution.
The standalone setup did not describe momentary currents
correctly at the boundaries (Frishfelds et al., 2021; Murawski
etal., 2021). Therefore, proper boundary conditions can be more
essential than the resolution of a coastal model, especially when
estimating transport from inland waters to open seas.
Water-level variations within the high-resolution domain were
highly sensitive to the hydrology of inflowing rivers and internal
flows within the domain. The HBM nested setup performed fairly
well at the coastal stations (see the comparison with the observed
water level in Figure 6). The water level at Andrejosta station
(Figure 1, right) was strongly dependent on the runoff of the
RHPS as the station was placed downstream from the RHPS at
the river. However, quick changes in Daugava runoff sometimes
increased the deviation when using hourly runoff instead of a
constant daily value. Also, the southern part of the Daugava River
(see Figure 1, right) was not resolved well in the model leading to
lower hydrodynamic resistance there. Therefore, the water level
at Andrejosta was not improved when using hourly runoff at the

with HP
no HP'
— 38m

0.2

— obs

01

0.0

surface velocity [m/s]

-0.4

400

200

flow [m3/s]

-200

-400

2020-12-05 2020-12-09 2020-12-13

standalone setup.

2020-12-17

FIGURE 4 | Flow through the Milgravis channel in Riga station (see Figure 1, right) in December 2020. The black line represents observations (secondary y-axis),
red—the model with Daugava hourly runoff according to the data of the RHPS, blue—the model with Daugava runoff according to E-hype, and green—the

2020-12-21 2020-12-25 2020-12-29 2021-01-01

Frontiers in Marine Science | www.frontiersin.org

July 2022 | Volume 9 | Article 886775


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
http://Figure 1

Frishfelds et al.

Microplastics in Coastal-Estuary Continuum

0.75 A

0.70 1—

0.65 -

0.60 1——

correlation

0.55 A

0504\

0.45 4

0.40 1—

T T T T

2 07_0 -V\a‘ ot

T T T T

AU o\ ot o oC
2020 107.0'““10’10\ 7,07-0\ 101°‘P'°91010'c"e9—,_ol°o 7_010'“ 7_010'0

FIGURE 5 | Monthly correlation of total flow through the Milgravis in Riga station (see Figure 1). The red curve corresponds to Daugava runoff according to hourly
data of the RHPS, blue—the Daugava runoff according to E-hype, and green—the standalone setup with Daugava runoff according to hourly data of the RHPS.

RHPS. As a reference, the result of the CMEMS Baltic Sea product
“BALTIC SEA ANALYSIS FORECAST PHY 003 006” was shown
at Daugavgriva station, where it had a lower performance of water
level due to lower spatial resolution. The good performance of the
standalone setup at this Daugavgriva station was attributed to the
use of boundary conditions from the regional open-sea model based
on the HBM at the University of Latvia, which was optimized for the
Gulf of Riga and western Latvia.

MP in the Estuary Domain

The main interest of including the high-resolution estuary domain
in the Baltic Sea was to study the impact of riverine inputs of MPs
on the coastal MP distribution and see which formulation of MP
behavior in the inland water domain works best. Unfortunately,

there were not many observations of MPs directly in Daugava
and Lielupe estuaries except for a few transects in Daugava and
Lielupe river mouth by the LIAE. Figure 7 shows the difference
in the surface 300um concentration between the cases of the
RHPS daily cycle included and excluded with the same average
weekly runoff in 2018. There was a 10% lower MP concentration
directly at the river mouth as well as a higher MP concentration
in the upstream of the riverine domain, probably due to more
intense vertical mixing in the upstream and sedimentation in
the downstream during the rush hours. In addition, water-
level variations in the Daugava River caused by the RHPS cycle
improved water exchange with side branches of the river (see
Figure 7), resulting in higher simulated MP values there. The
change of overall surface transport from the estuary domain was
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FIGURE 6 | Centered root mean square error (RMSD) of sea level at stations within the high-resolution estuary domain (see Figure 1) from June 1, 2020, to
January 1, 2021. Labels of the x-axis represent different models or model variants. The label “no HP” denotes the case with Daugava runoff according to E-hype,
“with HP” —the hourly Daugava runoff according to the data of the RHPS, “38 m”—the standalone setup, and “CMEMS” —the sea level according to the CMEMS

forecast.
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weakly dependent on the RHPS cycle (see Figure 8), except that
some more intense runoff period was expressed in the spring.
The case without river retention resulted in a higher transport
from the river domain especially in summer-autumn when the
biofouling rate was higher and river runoff was lower.

MP Pathways in the Gulf of Riga

The results of simulations of different variants were compared
with MP observations. Only the MP fraction of the model with
the largest size was considered, i.e., 300 um particles, as the
mesh size used in the observations was 0.3 mm. As expected, the
highest observation and model values occurred near the Daugava
outlet in the southern part of the Gulf of Riga (see Figure 9).

In order to see the possible origin of MPs and traveling
time, backward drift studies were examined. All the backtracks
stemmed from the middle of the transect at 12:00 UTC of the
observation day. In late spring and summer, there was usually
a rather weak wind forcing resulting in long backtracking
trajectories with characteristic inertial oscillations. Stronger
currents occurred in September when two of the tracks started
from the Baltic proper due to strong westerly winds (see
Figures 9, 10). In general, the observed value of MPs decreased
with the distance from the river source (see Figure 10). Also, the
higher values of the observations correlated well with the higher
average river load of the corresponding river, i.e., rivers with
catchments in urbanized areas caused higher MP concentration.
Most of the backtracks started from the Daugava River as it was
the main freshwater source in the Gulf of Riga.

Different model variants (v1-v7) were tested in order to see
how the changes in the river domain influenced the results in the
Gulf of Riga (see Table 1). Because there was a slight multiyear
trend of accumulation of the largest size fraction of MP in the
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FIGURE 7 | Average yearly difference of the calculated 300-um MP surface
concentration [in units (x 0.00001 g/mq3)] in the estuary domain in 2018
between cases of the RHPS cycle (higher runoff in business hours and lower
in other times) included and excluded applying the same weekly average
release of MPs.

model (Murawski etal., 2022), the modeled MP concentration was
higher for the longer runs from 2013. Hourly runoff variations of
the Daugava River at the RHPS in variants v4, v5, v6, and v7 did
not lead to notable changes in surface concentration in the Gulf
of Riga (Figure 8). Variant v5 without biofouling in the estuary
domain resulted in a higher concentration of MPs that were
released in the Gulf of Riga, but it showed less correlation with
the observations. The discharge of surface MPs by Daugava in this
variant increased by up to 30% in the dry summer of 2018 but was
negligibly small in the spring during higher river runoft. Variant
v7 showed that the effect of sedimentation of MPs in the estuary
domain had a negligible influence on the surface concentration
in the Gulf of Riga. Presumably, these submerged heavier MP
particles were unable to reach the surface layer. Slightly higher
surface concentrations occurred only in shallow lakes. With the
limited number of observations (25) used in the calculation, the
correlation efficiency varied from 0.56 in v5 to 0.71 in v7. With
a bilateral t-test, all of them reached a 99% significance level.
However, observations of MPs had rather high local variability
and sampling error as noted above. Hence, the number of
observations was still insufficient to judge which model variant
fits best. A much higher number of MP observations near the
Daugava River mouth was required for the optimization of the
model parameters in the estuary domain. Daugava River plumes
of MPs were clearly expressed with the inclusion of the estuary
domain (see Figure 11), whereas the three-domain variant had
more coastal release of MPs from the rivers. Thus, the inclusion
of highly resolved rivers was essential within an area influenced
by rivers. Daugava and Lielupe River plumes were most clearly
expressed during high river runoff in spring (see Figure 3).

There were also MP observations by TalTech in the northern
part of the Gulf of Riga and were available in the HELCOM
database in the years 2016-2019 (see Figure 9). Because the data
from both sources did not necessarily have the same methodology,
they were treated separately. The analyzed data included nine MP
observations in station K5 and three observations in stations 125
and G1. The observed MP concentration was higher in station
K5 than in station 125 as it was situated in Parnu Bay with the
influence of the River Parnu and Parnu City. Station G1 had
one large observed MP value in 2014, but the model with five
domains did not cover this year.

As shown in Schernewski et al. (2021), nearly half of the total
MPs were released from overflow events in WWTPs or runoffs from
storm surges. The capacity of WWTPs is occasionally insufficient to
hold all wastewater and part of the untreated wastewater has to be
released directly; otherwise, sewer overflow occurs. In such a case,
untreated wastewater goes directly into the river or sea. For the Riga
WWTP, the untreated wastewater entered Daugava at the Voleri
River coast. The heavy load of WWTP facilities occurred during
intense precipitation events in an urban environment. Therefore,
the precipitation records at the University of Latvia station in Riga
(http://www.meteo.lv) were checked for the presence of an abnormal
precipitation rate. Heavy rains usually occurred during cloudbursts
in the middle of summer. In the year 2018, which was relatively dry,
there was just one such event when the hourly precipitation rate was
above the threshold of 1 cm/h and reached 17.2 mm/h on July 13,
2018, at 12:00 UTC at the station. Hence, the Lagrangian drift was
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FIGURE 8 | Average weekly northward surface transport of 300 pm particles at 57.07° latitude in the southern part of the Gulf of Riga in 2018.

performed from this time and position to find the possible pathways
of MPs. It was found that microfilm observations by the LIAE
(Aigars et al., 2021) in the summer of 2018 correlated very well with
the Lagrangian drift trajectories that ended up mostly at the western
coast 40 km from the Daugava outlet (see Figure 12). That could
explain the very high concentration of the observed microfilms
near the sparsely populated river basin at the Kemeri National Park.
Because unfiltered water contains larger particles, it takes longer
for them as compared to filtered MP fragments to build enough
biofilm for sinking and they can travel for even a month.
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FIGURE 9 | Map of MP observations and calculated values of 300 pm
particles. The color map represents the calculated surface MP concentration
(x0.00001 g/m?3) on August 8, 2018. Stations with bold italic names
represent the average value from the HELCOM dataset 2016-2019.
Stations with the name of the month represent instantaneous observation
data from the LIAE in the year 2018. Yellow bars are observed values, gray
bars—three-domain setup, and green bars—five-domain setup. Dotted lines
represent the estimated backtracking trajectory to a river source. Empty
circles at the coast represent the location of river outlets in the HBM that are
derived from the E-hype model.

DISCUSSION

The dynamic two-way nesting of an ocean circulation model
enables a seamless transition from coastal scales to open-
sea scales. The performance of sea level and currents is much
improved when moving from the standalone setup to two-way
dynamic nesting because inflow currents are better represented in
the nested model. There are other possibilities to combine coastal
and open-sea scales in the models, e.g., by using unstructured
grids. However, they are still rarely used in operational forecasts
due to less elaborated parallelization and stability problems. In
the case of two-way nesting in the HBM, the speed and stability of
simulations of the Baltic Sea—North Sea are not much dependent
on whether the coastal estuary domain is included or not. This
aspect suggests that it is better to combine open sea and coastal
areas in a single model rather than modeling them separately,
e.g., in operational models.

MP simulations show that changes in biofouling regime in
the river estuary can notably change the MP concentration in
the open sea. The retention rate in the estuary domain varies
depending on the runoff of the Daugava and Lielupe rivers.
During the period with high runoft such as in spring, MPs can
travel from the RHPS to the Daugava outlet in less than 1 day
and the retention rate is negligible. However, the retention rate
can reach about 30% for surface MP fraction of 300 pm particles
in a dry summer such as in 2018. Even a higher retention rate is
achieved for smaller MPs with a particle size of 42 pm. MPs that
travel through the lakes into the Daugava River can spend even
a month there during the summer, leading to almost complete
retention. The temporal change of river inflow, e.g., by changing
the regime at the RHPS, does not bring notable changes into
open seas, i.e., the cumulative discharge of MPs on a weekly
scale is important. The length of the Lielupe River included in
the estuary domain is just about 5 km which is not enough for
notable retention of the largest MP particles there in the model.

Backtracking from the observations in the Gulf of Riga
confirms that the concentration of MPs decreases as the distance
to a corresponding river source increases. Therefore, a higher
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concentration in the Gulf of Riga occurs in the southern part
near the estuaries of the major rivers Daugava and Lielupe which
have higher concentrations of MPs.

Sewer overflow events at WWTPs are very important for
the overall release of MPs into the open seas. These events are
likely to happen during cloud bursts occurring in urbanized
environments. If this environment is close to the coastline, then
MPs could be released directly into the sea or nearby waters.
The threshold depends on the specific maximal capacity of each
WWTP. Nowadays, WWTPs are steadily improved, leading to
potentially less sewer overflows in the future.

River estuaries typically show higher variability of MPs
than the open seas. High variability of MPs in the river domain
was demonstrated in the Warnow River (Schernewski et al.,
2021). Most of the variations in MP concentration occurred
near WWTPs. Schernewski et al. (2021) showed also a high
retention rate in the river close to these WWTPs. The current
configuration of the model assumed that freshwater sources

were considered also as sources of MPs which may not be the
case for real coastal systems, and comparison with observations
was not straightforward. The Daugava and Lielupe estuaries are
connected by the Bullupe River, where the main WWTP of Riga
is situated. The Bullupe River (Figure 1, right) is relatively deep
at about 9 m, and it can have a notable flow rate depending on
the winds, Lielupe runoff, and runoff at the RHPS. Hence, it is
important to keep a high resolution of the Daugava, Lielupe, and
Bullupe rivers in the next upgrade of the model, where WWTPs
will be treated as MP sources.

CONCLUSIONS

The transition of MPs from coastal river estuaries to open seas
was studied with a three-dimensional model using two-way
dynamic nesting. The system of the North Sea-Baltic Sea-Gulf
of Riga-Daugava estuary is considered as an example with a
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FIGURE 12| Lagrangian drift trajectories from the “flush” event of July 13,
2018, when hourly precipitation in the University of Latvia station in Riga
exceeded 17 mm/h. Trajectories start from the Daugava outlet at the same
hour. Most of the trajectories end up 40 km west from the Daugava outlet
(dark green curves). More yellow parts of the other curves are later stages
of the drift. The bars denote the concentration of the observed microfims
per cubic meter (Aigars et al., 2021). Observations in August (“aug”) took
place during August 10-12, 2018. Observation in July (“jul”) was just before
the day of the flush event resulting in a rather low concentration in front

of the Daugava outlet. The color map shows the calculated surface MP
concentration of 300 pm particles (x0.00001 g/mq) on August 3, 2018.

horizontal resolution of up to 0.05 nm in the Daugava-Lielupe
River estuaries. The model was verified with observations in the
estuary domain including sea level and flow observations that
demonstrated an advantage of the two-way nested setup over
either the standalone open-sea or estuary setups. The two-way
nested river estuary domain enabled us to consider river plumes
that were present in cases of high river runoff. Thus, it changed
the MP distribution of the open sea in the vicinity of river outlets.
The results of MPs were compared with existing observations of
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