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A new method is introduced that, using water-quality modelling results focused on single substances, estimates
the degree of the progressive dilution and degradation of a complex mixture after discharge in the marine
environment, until its consistency is modified due to different biogeochemical processes acting on its constitu-
ents. The method is based on the variance between the dilution ratios of scrubber water constituents and is
applied to scrubber water effluents in two case studies in the Mediterranean Sea, using both Eulerian and
Lagrangian frameworks. Results reveal that, prior to the onset of biogeochemical transformations, scrubber water

behaves as a homogeneous mixture through turbulent mixing with surrounding water, gradually diluting to
107°-107!° ratios, in spatiotemporal scales ranging from 2 to 25 km and 2 to 60 h. The proposed method
generates scrubber-water dilution maps, directly comparable to the results of “whole effluent” ecotoxicological
experiments, making them suitable for risk and impact assessment studies.

1. Introduction

The use of Exhaust Gas Cleaning Systems (EGCSs; colloquially known
as marine scrubbers) is gradually being introduced to a growing number
of vessels globally, as one of the answers of the maritime shipping
community to the International Maritime Organization’s (IMO) re-
quirements for reduced air emissions (IMO, 2015). The Global Sulphur
Cap, which came into force in 2020, imposed a limit of 0.5 % in sulphur
content of shipping fuel at the global level (MARPOL, 2017), while
within Emission Control Areas (ECAs), such as the North Sea and the
Baltic Sea, the limit was set to 0.1 % from 2015. The use of EGCSs, which
treat exhaust gases to capture SOy emissions, permits the use of regular
Heavy Fuel Oil (HFO) as a viable alternative to the use of the cleaner but
more expensive low-sulphur fuel oils (Zis et al., 2022). However, con-
cerns have been raised about the environmental consequences of EGCS’

use, especially when they are operated in “open loop” mode, as the
scrubber wash water can be discharged into the marine surface waters
without any treatment process (Endres et al., 2018; Turner et al., 2017).

Open-loop scrubber water is a very acidic mixture of various chem-
ical substances, including metals and organic pollutants such as Poly-
cyclic Aromatic Hydrocarbons (PAHs) (Lunde Hermansson et al., 2021).
While most of the contaminants measured in scrubber water originate
from the fossil fuel, others, such as Chromium (not present in fuels), are
likely released by some of the scrubber systems as a consequence of
corrosion processes (Teuchies et al., 2020). Recently, the development
and application of suspect screening strategies to investigate the
composition of open-loop scrubber water have allowed the identifica-
tion of several alkyl-PAHs and other contaminants, such as biphenyls,
dibenzofurans, dibenzothiophenes, and oxygenated PAHs derivatives
(Garcia-Gomez et al., 2023), confirming the very complex composition
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of this shipping waste stream.

Thus, even if the target of EGCSs’ action is the removal of SOy from
shipping emissions to the atmosphere, their use results in the transfer of
many pollutants from the exhaust to the wash water that is eventually
released into the marine environment, a development that asks for an
assessment of the risk to potentially exposed marine organisms
(Teuchies et al., 2020; Turner et al., 2017).

Performing an ecological risk assessment based on the individual
pollutants in the effluent would require knowing the exact chemical
composition of the scrubber water as well as to have/determine a
threshold limit for each scrubber water constituent, that is challenging.
Moreover, the concomitant exposure to a mixture of chemicals is ex-
pected to have different effects than those determined by the sum of the
effects of individual compounds (Backhaus and Faust, 2012), because
synergistic or antagonistic effects are likely to occur but are difficult to
predict. Whole-effluent toxicity (WET) testing (Chapman, 1999) of
scrubber water instead provides a direct measure of the ecotoxicity of
mixtures on target organisms accounting for effects from both known
and unknown substances and for interactions between them.

WET tests have been used to investigate possible detrimental effects
of scrubber water on diverse marine organisms, addressing several
endpoints (Koski et al., 2017; Thor et al., 2021; Ytreberg et al., 2021).
Recently, within the Horizon2020 EMERGE project (https://emerge
-h2020.eu), ecotoxicological experiments have been carried out on
endemic species at five European research laboratories, testing a range
of scrubber water dilution rates and showing effects at lower concen-
trations (0.0001 % to 0.001 %) than previously reported (Jalkanen et al.,
2024; Monteiro et al., 2024; Picone et al., 2023). The most sensitive
endpoint was found for Strongylocentrotus droebachiensis eggs’ fertiliza-
tion, where the No Observed Effect Concentration (NOEC) could not be
determined, since effects were detected even at the lowest tested
scrubber water concentration (0.0001 %, dilution ratio of 10~%; Jalka-
nen et al., 2024).

The traditional quantitative environmental risk assessment approach
for ecotoxicological effects of single substances on different organisms
requires the derivation of a Predicted No Effect Concentration (PNEC)
(EC, 2017). This PNEC should be compared with the Predicted Exposure
Concentration (PEC), and in case the PEC/PNEC ratio is >1, the envi-
ronmental risk should be considered as unacceptable. The approach for
risk characterization is also applicable for complex mixtures, if the WET
methodology is used, as stated in the IMO Guidelines for risk and impact
assessments of the discharge of water from EGCSs (IMO, 2022). In this
case, the predicted exposure (PEC) should be expressed as a dilution
ratio of the whole effluent (whereas in a single-substance approach, a
PEC/PNEC ratio for each mixture constituent must be estimated).

However, since no consensus on a PNEC for scrubber water has been
reached yet, a preliminary evaluation could be carried out using the
lowest LOEC available in the dataset (although it could be significantly
higher than a PNEC, which incorporates uncertainty factors). It should
be noted that this value takes into account only ecotoxicological tests
carried out within the EMERGE project, and it is used herein only to
provide proof-of-concept results for the proposed approach. It should
not be viewed as a definitive ecological risk assessment threshold
regarding scrubber water exposure in the marine environment.

Note that hereafter, the term “whole effluent” refers to an effluent of
the same original consistency as the original effluent released into the
marine environment, in an approach similar to that of the WET approach
(Chapman, 2009).

The use of numerical simulation can be a powerful tool for studying
the fate of pollutants introduced into the marine environment. This
approach can have several levels of complexity. The simplest approach
is to treat each pollutant as a passive tracer. This requires only the use of
a hydrodynamic model simulating ocean currents, ignoring the
biogeochemical properties of individual compounds. In this simplified
case, the mixture is subject only to dilution via mechanical mixing and
dispersion, while its consistency remains constant since all constituents
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exhibit the same behaviour (Hong et al., 2020; Paturi et al., 2015;
Romero et al., 2016; Rosenhaim et al., 2019; Xu and Chua, 2016).

A more precise approach requires a higher level of complexity, i.e., to
account for the different biogeochemical behaviours of the various
compounds comprising the initial mixture. This requires the use of
water-quality models, which take into consideration environmental
conditions such as temperature, salinity, light intensity, dissolved and
particulate matter concentration, that affect the behaviour of each
compound. Indeed, the coupling of circulation and water-quality models
is a widely used approach for reliably simulating the spatiotemporal
distribution of individual compounds (Aghito et al., 2025; Mazioti et al.,
2024; Monteiro et al., 2024).

However, water quality modelling typically focuses on a single-
substance approach, where each target compound is modelled sepa-
rately, considering the different biochemical processes involved. Since
each substance behaves differently, output concentration maps of indi-
vidual compounds cannot be directly used to estimate exposure to the
whole effluent (i.e., WET approach by Chapman (2009)).

To address this issue, a new approach suitable for simulating the
environmental fate of complex mixtures in water bodies is presented
herein. The method does not constitute a new water-quality model
directly simulating the fate of complex mixtures in the marine envi-
ronment. Instead, it uses the results of any existing water-quality models
to record the spatiotemporal patterns of a “whole” complex mixture
dispersion and mechanical dilution, prior to the onset of biogeochemical
processes that break up the homogeneity of the mixture. This is achieved
by considering the individual element concentrations and identifying a
criterion to determine the point at which the mixture’s consistency
changes due to distinct biochemical processes influencing each con-
stituent. Although developed for scrubber water risk assessment, the
method is applicable to any type of effluent discharged in an aquatic
environment, making it a promising tool for future risk and impact as-
sessments. The method is implemented in two coastal areas in the
Eastern Mediterranean Sea, with large ports and busy shipping lanes -
Saronikos Gulf, Greece, and the Northern Adriatic Sea. Modelling results
from these case studies are utilized, as they overall follow the same
methodological approach but also present differences, such as the use of
distinct models and frames of reference (Eulerian and Lagrangian,
respectively).

The structure of the paper is as follows: first, a description of the
overall modelling setup in the two case studies is provided, covering
domains, models, variables, contaminants, forcing data, typical output
examples, along with the explanation of how scrubber water contami-
nant mass fluxes were calculated. This is followed by a detailed pre-
sentation of the introduced method and its implementation in each
domain. Then, the results are presented, followed by a discussion on the
insights gained from the application of the method, including its us-
ability, applicability, limitations, and potential future implementations.

2. Materials and methods

The estimation of the fate of scrubber water discharges in the marine
environment requires the interaction of several simulation modules:

a) a model that provides the scrubber water volume inflow to the sur-
face layer along the vessels’ wakes, supplemented with estimates of
contaminant concentrations in scrubber water to calculate the con-
stituent mass fluxes;

b) a hydrodynamic model to simulate the circulation and transport of
water masses in the region; and

c) a water-quality model that reproduces the major physical and
biogeochemical processes governing the dynamics of the main
components of the ecosystem, as well as their interaction with the
introduced chemicals.

These simulation tasks have been coupled into a modelling


https://emerge-h2020.eu
https://emerge-h2020.eu

V. Zervakis et al.

framework that has been applied to the two coastal regions to provide
the concentration of selected scrubber water constituents as a function
of location (i.e., X, y, z) and time (i.e., t). First, the approach to simulate
scrubber water releases is presented in Section 2.1 An overview of the
modelling framework implemented in the two coastal regions is
described in Section 2.2. Note that the scrubber-water contaminants
selected for simulation (presented below) were chosen based on water
quality model capabilities and data availability for model parameteri-
zation and validation. Then, Section 2.3 introduces the novel method-
ology that converts simulated contaminant fields to scrubber water
dilution ratio fields. Section 2.4 provides further details and specifics on
the implementation of the dilution methodology in each case study.

2.1. Simulation of scrubber water discharges with the STEAM model

Scrubber water volume discharges have been provided at high
spatio-temporal resolution (hourly, 0.0025°) for the year 2018 in the
case study areas by implementation of the Ship Traffic Emission
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Assessment Model (STEAM) (Jalkanen et al., 2021). These volume fluxes
were combined with the best estimates of pollutants’ concentration in
scrubber water reported by Lunde Hermansson et al. (2021) to obtain
gridded time-series of the mass flux for each compound to the sea-
surface layer to be used in the water-quality models.

Both open loop and closed loop effluent discharges were considered
in this study, using separate datasets for each type of release. This
approach provides the emission inventory necessary for studying the
dispersion of chemicals related to scrubber water discharge that is
hereby examined. The accumulated scrubber water volume input in
2018 in the two regions of interest in this study (48 ships equipped with
open-loop scrubbers for Saronikos Gulf and the Northern Adriatic each)
is presented in Fig. 1.

2.2. Set up of water quality model experiments

The environmental behaviour of selected chemicals has been simu-
lated through the application of a modelling framework considering

Fig. 1. Maps of the case study areas showing bathymetry and annual scrubber water discharge for (a) the Northern Adriatic and (b) Saronikos Gulf, Greece.
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both hydrodynamic and biogeochemical processes in the two case study
regions. Simulations were carried out for the year 2018, and details on
the used modelling systems are presented in the following sections.

2.2.1. Saronikos Gulf case study

An overview of the Eulerian modelling framework implemented in
Saronikos Gulf, Aegean Sea, is presented in Fig. 2 (bottom panel),
showing the numerical domain of the simulations. Initially, the hydro-
dynamics of the study area was simulated with a high-resolution coastal
ocean circulation model, Delft3D-FLOW (Deltares, 2023a). The model
solves numerically a system of non-linear equations consisting of the
horizontal equations of motion, the continuity equation, and the trans-
port equations for conservative constituents, derived from the three-
dimensional Navier-Stokes equations for incompressible, free surface
flow. A variable horizontal resolution numerical grid, ranging from
about 300 m near Piraeus Port to about 1400 m near the open boundary,
with 20 sigma layers in the vertical, was used to discretize the domain.
Atmospheric forcing was provided by the ECMWF ERAS database as
hourly fields of air temperature, air pressure, relative humidity,
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precipitation, cloudiness, net shortwave radiation and wind velocity on
a 0.25° x 0.25° grid (Hersbach et al., 2023). Lateral boundary conditions
(temperature, salinity, sea surface elevation) were provided by a North-
Central Aegean reanalysis based on the Regional Ocean Modelling Sys-
tem (ROMS) (Mamoutos et al., 2021). The major water sources were
considered in the simulation: i) Kifisos river, ii) Mandra and Sar-
antapotamos intermittent water streams (in Elefsis Gulf), iii) wastewater
treatment plant (WWTP) discharges (Psittaleia and Thriassion), based
on real time measurements (Bourma et al., 2022), prediction tools
(SHMI HYPE hydrological model, (Lindstrom et al., 2010) and open data
(Greek Special Secretariat for Water WWTP online monitoring data-
base). Details on Delft3D-FLOW implementation, validation and results
have been presented in Kolovoyiannis et al. (2023a, 2023b).

The hydrodynamic information produced by Delft3D-FLOW was
coupled to the Eulerian water quality model Delft3D-WAQ to simulate
the fate of the various compounds present in scrubber water after its
release in the marine environment. The compounds simulated for this
case study were five metals (Cadmium-Cd, Lead-Pb, Nickel-Ni, Copper-
Cu and Zinc-Zn) and two Polycyclic Aromatic Hydrocarbons (PAHSs)

Fig. 2. Set up of modelling experiments for the case study areas, Northern Adriatic (top) and Saronikos Gulf, Greece (bottom), showing forcing data, models used,

initial conditions, modelling domains, and output examples.
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(Benzo(a)pyrene-BaP and Fluoranthene-Flu). Additionally, components
of the marine ecosystem such as nutrients (NO3 1 NHII, PO;3, and Si),
dissolved and particulate organic matter (DOC, DON, DOP, POC),
inorganic matter and phytoplankton (diatoms, non-diatoms) have been
simulated, to account for the biogeochemical processes involved in the
fate of the various pollutants. Parameterization (both for biogeochem-
ical and pollution components) followed the recommendations by Del-
tares (2023b). The model was initially set-up for the period of
2009-2010 for which there was a wealth of in-situ marine environ-
mental data (HCMR, 2011) valuable for tuning and evaluation of model
performance. After model setup, the period of 2018 was simulated, using
both (a) all maritime and land effluents (as a comprehensive collation of
coastal pollution sources enabled the inclusion of these pollutant fluxes
in the simulations) and atmospheric deposition and (b) only marine
scrubber effluents as pollutant forcing. The latter is the simulation used
in the present study. Details on the Delft3D-WAQ parameterization,
validation and results are discussed in Mazioti et al. (2023, 2024).

2.2.2. Northern Adriatic case study

The Adriatic Sea can be subdivided in three basins characterized by
different bathymetry, physico-chemical, biological properties. In this
work we considered the Northern Adriatic (NA) Sea, a semi-enclosed
basin whose southern boundary is conventionally defined at the 100
m isobath (Fig. 1 and Fig. 2 top panel) (Calgaro et al., 2025). To
investigate the fate of scrubber water in the Northern Adriatic marine
environment, the ChemicalDrift module of the Lagrangian OpenDrift
suite (Aghito et al., 2023; Calgaro et al., 2025; Dagestad et al., 2018) was
applied to simulate the environmental behaviour of seven metals
(Cadmium-Cd, Copper-Cu, Chromium-Cr, Nickel-Ni, Lead-Pb,
Vanadium-V and Zinc-Zn) and six PAHs (Benzo(a)pyrene-BaP, Benzo(a)
anthracene-BaA, Dibenzo(ah)anthracene-DahA, Fluoranthene-Flu,
Naphthalene-Naph, and Phenanthrene-Phe). The model considers
physical (advection, diffusion, and sinking) and chemical processes
(partitioning among water/suspended particle matter (SPM)/dissolved
organic carbon (DOC)/sediments, degradation, and volatilization of
chemicals) in a Lagrangian framework using forcing data from several
sources. Lagrangian elements considered as dissolved or bound to dis-
solved organic carbon are only advected along water currents, while
elements associated to SPM are also subjected to sinking processes.
Resuspension and diffusion back into the water column of Lagrangian
elements associated with the sediment layer are modelled based on
shear stress at seabed and sorption/desorption equilibria, respectively.
Oceanography forcings was taken from application of the finite element
model SHYFEM (hourly 3D fields of currents, temperature, and salinity)
(Ferrarin et al., 2019). SHYFEM simulations were carried out over a
domain that covers the whole Adriatic Sea and the Northern Adriatic
Lagoons (Venice and Marano-Grado) with a horizontal mesh resolution
ranging from a few tens of meters in the coastal areas to about 5 km in
the open sea. Vertically the SHYFEM model applies 34 layers with
varying thickness, ranging from 1 m (in the topmost 10 m) to 100 m (for
the deepest layer of the Adriatic Sea) (Ferrarin et al., 2019). Ancillary
data of wind speed, SPM concentration and mixed layer depth were
retrieved from the Copernicus Marine Service (Table S1).

Two sets of modelling experiments were carried out starting from
daily discharges of scrubber water estimated by the STEAM model to
investigate i) the fate and behaviour of a single discharge of scrubber
water to the marine environment and ii) the concentration of scrubber
water reached in the surface layer of the water column during 2018
considering all daily discharges from shipping. An overview of the
modelling framework implemented in the Northern Adriatic Case Study
is presented in Fig. 2 top panel.

The first set of simulations was carried out using daily STEAM output
on the day with the highest discharge for each month of 2018 to cover
the different circulation, temperature, and salinity conditions occurring
during the year. All Lagrangian elements were seeded at the first
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timestep, and each simulation was run at 1-h timestep for ten days. The
second set of simulations was carried out from January 1st to December
31st, 2018 at 3-h timestep considering daily STEAM output and seeding
Lagrangian elements each day at midnight. The initial partitioning of
each target chemical between dissolved and bound to SPM phases was
calculated for all modelling experiments based on solid/liquid partition
coefficient (Kd) and scrubber water particles concentration and
composition (Karjalainen et al., 2022; Lunde Hermansson et al., 2021;
Winnes et al., 2020). Concentration of each chemical was calculated for
each timestep considering a grid resolution of 0.0025° (10-days runs)
and 0.01° (yearly runs) and a fixed surface layer thickness of 5 m. Model
parameterization was taken from Aghito et al. (2023), while further
details on model set-up are reported in the Supplementary Material
(Table S2).

2.3. The dilution method

The method hereby introduced aims to exploit spatiotemporal fields
of the various scrubber water constituents’ concentrations after their
release into the marine environment, to produce maps of dilution levels
of the scrubber water.

Based on water-quality modelling results, the method estimates the
degree of the gradual dilution of scrubber water in the marine envi-
ronment after discharge. The initial stage of the presence of scrubber
water after discharge into the top layer of the water column is charac-
terized by turbulent mixing, which is the dominant process in reducing
the concentrations of the various pollutants in the sea. During this stage,
the ratios of the various pollutant concentrations to each other remain
constant, although scrubber water is being rapidly diluted. As the in-
fluence of turbulence is gradually reduced to background levels,
biogeochemical processes take over, and the relative concentrations of
the various scrubber water constituents start to diverge. A homogeneity
criterion based on the variance of the dilution ratios of scrubber water
constituent concentrations is developed to isolate the initial, turbulent
stage, during which scrubber water can be considered a homogeneous
mixture undergoing dilution. This approach enables the estimation of
the spatiotemporal evolution of scrubber water presence in the marine
environment, based on the ratios of the simulated concentrations of
EGCS constituents to their initial concentrations in the scrubber wash
water prior to its release in the marine environment.

In more detail, the analysis is based on the following hypotheses:

a) The dominant processes in determining the concentration of
scrubber water as soon as it is released in the marine environment are
turbulent mixing and diffusion. As the intensity of these processes is
gradually reduced after discharge, other biogeochemical processes
(e.g., degradation, partitioning among water/SPM/sediments, and
volatilization) take over in determining different rates of concen-
tration decrease for each pollutant.

During the initial stage, when turbulent mixing and diffusion are the
dominant processes, the concentration ratios of the various pollut-
ants relative to each other remain constant, and the concentration of
each pollutant decreases at the same rate as the others, despite the
concentrations being different. As other processes gradually become
dominant, the scrubber water changes its consistency, as each pol-
lutant’s concentration changes at a different rate.

Based on the traditional single-substance approach applied in water
quality modelling, it is not possible to directly express the dilution
ratio of scrubber water as a function of time from release. However,
we can employ the concentration of the least reactive scrubber water
constituent available for modelling (i.e., the metal with the highest
ratio of dissolved to total mass) as an index of dilution (I, calculated
by normalizing its concentration in the water column with respect to
its concentration in the scrubber water before release).

The scrubber water dilution approach hereby proposed can only be
employed during the time for which mechanical mixing and dilution

b

=

C

~

d
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are the main processes responsible for the decay of each pollutant’s
concentration.

Based on the above hypotheses, we hereby introduce the following
methodology:

1. Select the least biochemically active of the simulated pollutants (we
hereby choose Cd, see Supplementary Material) to serve as basis for
the basic dilution index (in this case Igd (x,¥,2,t)) and apply Eq. (1):

Cd(x.y,2t)

Cd
Id (X,y, z, t) = Cdscmbber

(€Y

where Cd(x,Yy, 2, t)) is the simulated Cd concentration field as function of

location (i.e., x, y, z) and time (i.e., t), and Cd*™ is the concentration

of Cd in the original scrubber water prior to release, as provided by
Lunde Hermansson et al. (2021) and employed in the calculation of the
scrubber water pollutant fluxes.

2. Estimate the same ratio for each of the simulated pollutants, for
example Nickel Ni (Eq. (2)):

Ni(X, Y% t)
Nixcmbber

Igﬁ(x7y7zv t) = (2)

3. Estimate the variance of the normalized dilution ratio from all the
pollutants at each point in space and time (¢%(4)(x,Y, 2, t)), with
respect to the Cd-based dilution ratio to obtain an estimation of the
scrubber water similarity to its original composition ratio (Eq. (3)):

. 2
2 1 N[ Iy(x,y,2,t)
1, LY, 2, t) = -1 3
P20 = g2 \ iy @
fori =1, 2, ...., N, where i refers to each pollutant for a total of N

pollutants.

4. Produce a scattergram of the variance of dilution rates from each
pollutant ¢2(/4)(x,y,2,t) versus the inverse of the basic Cadmium-
based dilution index Ié (x,y,2,t), denoted also as 1/Cd_DI.

d

5. We expect the scattergram to have very small variance values
immediately after the discharge of scrubber water. Then, as each
chemical’s behaviour will be influenced to a different degree by the
emergence of diverse biogeochemical processes, there will be a
marked increase of the variance value among all scrubber water
components, indicating the transition from the turbulent to the
biogeochemical concentration decrease regime. A maximum vari-
ance threshold for considering scrubber water “as a whole effluent”
can be selected, and only 1/Cd_DI values with lower variance will be
used to generate scrubber water dilution maps. This information can
be used to evaluate ‘whole effluent’ presence in the marine envi-
ronment considering levels of dilution, presence duration, and other
factors. These findings can be linked to the results of the WET ex-
periments, thus enabling ecological risk assessment.

6. Furthermore, the scattergram can be divided into two regions: i) a
zone where scrubber water dilution increases while maintaining low
variance values, and ii) a zone where the variance grows when
higher dilutions are reached due to the emergence of diverse
biogeochemical processes. The transition from the turbulent to the
biochemical concentration decrease regimes is marked by the in-
crease of variance of concentrations (or concentration ratios) among
different elements of the scrubber water.
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2.4. Implementation of the dilution method in case studies

2.4.1. Saronikos Gulf

A series of numerical simulation experiments was performed, based
on the modelling setup described in Kolovoyiannis et al. (2023a) and
Mazioti et al. (2023, 2024), with the necessary modifications needed to
highlight scrubber water dilution characteristics. Initially, two 10-days-
long experiments were conducted, for the 1-10 January 2018 and the
1-10 July 2018 periods respectively, with hourly simulation time steps.
The idea was to simulate a winter-well mixed water column period of
lower shipping activity and a summer-stratified water column period
with higher shipping activity. Hourly scrubber water discharges, at
spatial resolution of approximately 300 m, from the STEAM model
(Jalkanen et al., 2021) were used to continuously force the model with
pollutant release at the sea surface. To isolate the scrubber water from
other sources of pollution, the initial and boundary conditions con-
taminants were set to 0 g/m> (‘pristine’ domain, without any boundary
pollutant fluxes), while no other pollutant source (land-based human
activity or atmospheric deposition) was considered. The release of
scrubber water takes place in surface model cells.

2.4.2. Northern Adriatic

Based on Section 2.3, the variance between the dilution ratio of all
selected chemicals was used to identify the “whole” and “degraded”
scrubber water present in the simulation domain during both modelling
exercises carried out for the Northern Adriatic Sea. The ratio of “whole”
to “degraded” scrubber water amount was calculated for each timestep
of the first set of simulations (Section 2.2.2), and a first order degrada-
tion kinetic equation was fitted to the results (U.S. EPA, 2015) to esti-
mate scrubber water kinetic rate constant and half-life.

The scrubber water dilution map obtained from the second set of
simulations was filtered based on the estimated variance value, and for
each grid cell of the model domain we calculated the percentage of time
in 2018 when scrubber water was present at dilutions lower than 10~
%, (corresponding to the Lowest Observed Effect Concentration re-
ported for Strongylocentrotus droebachiensis eggs’ fertilization by Jalka-
nen et al., 2024).

As described in the “dilution method”, it is worth noting the
importance of the “variance threshold” used to evaluate if the state of
scrubber water is unchanged, and how this threshold can greatly influ-
ence the results. Since scrubber water discharges in the Northern Adri-
atic Sea varied across about 12 orders of magnitude (Fig. 3a), it was not
possible to clearly distinguish within the variance vs 1/Cd_DI scatter-
grams the two different regions representing the turbulent mixing and
biogeochemical concentration decrease. In the absence of an objective
criterion, we chose a variance value of 0.1, and report how the results
change by varying this value within a factor of 5.

3. Results
3.1. Saronikos Gulf case study

3.1.1. Scattergrams: information that can be retrieved

Results from the implementation of the method in the Saronikos Gulf
case study are shown in Fig. 4, where scattergrams of variance vs 1/
Cd_DI (in log; scale) are presented. Indicative snapshots from the 10-
day experiment for January 2018 are shown. To detect any differences
in the results due to forcing frequency (time step) and pollutant quantity
introduced, the January 10-days experiment was initially performed
with an hourly time step (Fig. 4a) and then, it was repeated with 6-hour-
ly time step, where the sum of pollutant mass fluxes was introduced in
the domain every 6 h (Fig. 4b). In both cases, the cloud of points fol-
lowed the same pattern, in a form very close to the theoretically ex-
pected distribution described in point 5 of the method description
(Section 2.3). Therefore, to reduce computational burden and output
volume, a decision was made to proceed with a 6-hourly time step in the
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Fig. 3. Histograms of scrubber water discharges estimated for the Northern Adriatic (a) and Saronikos (b) case study for 2018 based on STEAM model output. Note
that 10 must be raised to the values on the x-axis to convert volumes in linear scale.

Fig. 4. Scattergrams of the variance of the inverse dilution ratios as a function of the Cd inverse dilution ratio, in log10 scale: snapshots from (a) hourly and (b) 6-
hourly time step simulations for January 2018. In (b), the threshold value determined for the reported snapshot is highlighted (with green). Note that 10 must be
raised to the values on the x-axis and y-axis to convert inverse dilution ratios and variances respectively to linear scale values. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

annual experiments.

In Fig. 4, low variance values in the range of approximately 0.1-0.5
are observed at low 1/Cd_DI values (in subfigures a and b, up to around
10%%). The constancy of the variance at these low 1/Cd_DI values in-
dicates that the dominant mechanism of concentration decrease is
indeed turbulent mixing, as explained in Section 2.3. As 1/Cd_DI grad-
ually reaches higher values (i.e., higher scrubber water dilution in sea
water), there seems to be a threshold value in the x-axis (or rather a zone
of 1/Cd_DI values) after which the variance grows due to the rise of the
diverse biogeochemical processes considered, and the concentration
ratios of the selected chemicals among each other cease to be constant,
thus not constituting anymore scrubber water of the same consistency as
when it was discharged. The determination of this zone of threshold 1/
Cd_DI values and variance values when longer simulations are per-
formed (e.g. annual duration) is discussed next.

3.1.2. Determination of threshold values for inverse dilution ratio and
variance, and implications
As detailed in Section 2.3, the variance value associated with each

value of 1/Cd_DI can be used to assess if scrubber water is still present is
the water column “as a whole effluent”. In detail, since most scrubber
water discharges for the Saronikos case study area were within 2-4 or-
ders of magnitude, a quantitative technique has been applied to deter-
mine the variance and 1/Cd_DI threshold values showing the transition
between the turbulent mixing and biogeochemical regimes. This tech-
nique involves the following steps:

(a) Identifying the datapoint that signifies an abrupt change in the
shape of the cloud of points for each scattergram, i.e., simulation
output for each time-step (e.g., green point in Fig. 4b). The
implemented algorithm detects large changes in the sequence of
y-axis values (in our case, the variance). This is repeated for all
timesteps, i.e. all 1461 scattergrams of the annual simulation of
2018 with 6-hourly timestep (see also Supplementary Material).

(b) Determining basic statistics of the series of threshold values
calculated in step (a). This information is presented in Fig. 5 as
histograms.
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Fig. 5. Histograms of threshold values for (a) variance and (b) the corresponding inverse Cd dilution ratio. Note that 10 must be raised to the values on the x-axis to

get the actual variances and inverse Cd dilution ratios.

According to the findings of this procedure, for the Saronikos Gulf
area and the modelling approach implemented:

— threshold values for the variance range mainly from 0.2 to 0.7 (i.e.,
from 107 to 107%1° respectively, see Fig. 5),

— threshold values for 1/Cd_DI range from just below 10° to approxi-
mately 10°, with most values between 10° and 107.

These threshold values of 1/Cd_DI correspond to respective scrubber
water effluent dilution ratio values if the dilution of Cd is considered a
proxy of scrubber water dilution. These values can therefore be
compared directly with levels of diluted scrubber water that are found to
have significant effects on marine organisms, as determined from a wide
range of ecotoxicity experiments conducted within the framework of the
EMERGE project (Jalkanen et al., 2024). Monteiro et al. (2024) report a
level of scrubber water dilution of 0.001 % (10~ dilution ratio) as the
lowest observed effect concentration (LOEC) impacting larval develop-
ment of the sea urchin P. lividus and the polychaeta S. alveolate and
causing  post-exposure feeding inhibition to the mussel
M. galloprovincialis (their Fig. 9).

3.1.3. Scrubber-water persistence: mapping presence

Having determined in Section 3.1.2 the thresholds below which
scrubber water is considered present with the same composition as when
it was discharged, the next step was to locate grid points in the model-
ling domain where, at each time step, specific threshold values for 1/
Cd_DI and variance are not exceeded (both criteria are met simulta-
neously) and then calculate how many times within 2018 this non-
exceedance occurred. In this way, scrubber water presence maps can
be constructed, as shown in Fig. 6a-b; these maps present the percentage
of time that the above-mentioned 1/Cd_DI and variance thresholds were
not exceeded, hence scrubber water was present at the near-surface
layer within the year 2018 (here, time - or rather time instances - is
measured in model time steps: dt = 6 h, so the annual period is dis-
cretized in 1461 instances). Alternatively, these maps present the fre-
quency of occurrence of scrubber water diluted less than the determined
threshold. A variance threshold of 0.2 (approx. 107%7, a low and most
common value, as shown in the histogram of Fig. 5a) was used and two
inverse dilution threshold values were tested, in line with the discussion
so far: 10° and 10°. This exercise enabled the designation of marine
areas — ‘hotspots’ where scrubber water was present and the time
duration of its presence at dilution ratios lower than the above thresh-
olds, leading to presence duration maps (Fig. 6a-b).

In Fig. 6a, where the lower dilution value of 10° is used, lower
percentages of time (or duration) when scrubber water is present
(diluted up to this ratio) are calculated. The area around the port of
Piraeus is indicated as the one mostly affected, with time percentages up

to, or just over 10 % of 2018, followed by the marine traffic shipping
lanes with a distinct percentage of time around 2 %.

When the analysis is repeated with a higher 1/Cd_DI value of 10°
(Fig. 6b), higher percentages of time (or duration) that scrubber water is
present are calculated (around 50 % of the time) along the shipping
lanes and up to Piraeus port, gradually dropping to <10 % ata 10-12 km
distance either side of the shipping routes. A large portion of inner
Saronikos Gulf surface waters appears to be affected by scrubber water
mixture diluted at the ppm level (10° times) for these time durations.

Fig. 6¢ presents the annual average level of scrubber water dilution
(determined using a variance threshold of 0.2) in the surface waters of
Saronikos Gulf for 2018, expressed as % percentage. The map highlights
the vicinity around the port of Piraeus and at both sides of the shipping
lanes as the marine areas under the influence of EGCS effluents, which
are, on average, diluted approximately between 1 and 5 x 10° times
(diluted at a level of 1 to 5 ppm).

3.2. Northern Adriatic case study

3.2.1. Single scrubber water discharge modelling experiments

By implementing Section 2.3, the variance between the dilution ra-
tios of the chemicals was calculated for each scrubber water discharge
and plotted against 1/Cd_DI values. The results obtained for the daily
discharge of scrubber water on November 3rd, 2018 are reported here,
as an example of the proposed approach, while additional results ob-
tained from the other selected discharges per month is reported in the
Supplementary Material (Table S3).

The scattergram of variance vs 1/Cd_DI shown in Fig. 7a highlights
that after the first timestep (red circles) the entire volume of scrubber
water can be considered as a whole (i.e., with the original characteristics
of the effluent) with a dilution ratio ranging from 1073 to 1070,
depending on the volume of scrubber water discharged within each grid
cell. After two hours (blue circles) a group of points corresponding to the
centre of the shipping lanes is characterized by very similar variance
values (about 10~7), while a second group of points representing the
surrounding area shows higher variance (up to 107!). Data obtained
after 6 to 25 h of simulation further indicate an increase in scrubber
water dilution by about three orders of magnitude, with most of the
points being over the selected variance threshold (i.e., 0.1), indicating a
significant transformation of scrubber water in this timeframe.

Fig. 7b shows the percentage of “whole” scrubber water remaining in
the modelling domain during the simulation based on the different
variance thresholds considered, as well as the results of a least-square fit
of a first order degradation kinetic equation. The results indicate that
this equation describes the decrease of “whole” scrubber water amount
after 3-9 h. In the initial stage (time_mix), scrubber water degradation
can be mainly attributed to mechanical mixing and diffusion; then first-
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Fig. 6. Percentage of time instances (presence duration) in 2018 that scrubber water was present as ‘whole effluent’ at the surface waters of Saronikos Gulf based on
6-hourly model output, variance limit of 0.2 and 1/Cd_DI threshold values of (a) 10° and (b) 10° (i.e., dilution of scrubber water 10° and 10° times, respectively).
Note the different percentage values of the colour scale of subfigures (a) and (b). (c) Annual average dilution of scrubber water with variance limit of 0.2.

degree degradation processes (e.g., degradation and partitioning among
the dissolved, bound to DOC, bound to SPM, and settled in sediments
phases) become prevalent, imposing half-lives of ca. 3-33 h. The
advection of Lagrangian elements outside of the Northern Adriatic
modelling domain is another process that can contribute to the

elimination of scrubber water, which does not follow first order degra-
dation kinetics. However, due to the location of the scrubber water
discharges and the duration of the simulations its effects were limited.
Similar results were obtained from the other single scrubber water
discharge experiments per month (Table 1, Fig. S1, and Table S3).
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Fig. 7. (a) Scattergram of variance vs 1/Cd_DI in log10 scale for the discharge
of scrubber water, showing variance change after 1, 2, 6, 11, and 25 h after
discharge; (b) Decay of “whole” scrubber water (as percentage) with time using
variance thresholds ranging from 0.02 to 0.5, along with corresponding fit of
first order degradation kinetic equation; (c) Variance of 1/Cd_DI calculated 12 h
after discharge (green to red points) together with location of the initial
discharge (black points) estimated by the STEAM model. The figure refers to the
modelling experiments carried out on the cumulative scrubber water discharge
of November 3rd, 2018. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Furthermore, the influence of environmental conditions (water currents,
temperature, salinity, wind speed, SPM concentration, and mixed layer
depth) on mixing timescale (time_mix) and scrubber water half-life was
investigated by the Spearman rank-order correlation (Bae et al., 2011;
Flacke et al., 2016). The results (Table S4) showed the highest negative
correlation for environmental parameters directly related to the parti-
tioning of Lagrangian elements between “dissolved” and “bound to
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Table 1

Ranges obtained for scrubber water half-life (h), and turbulent mixing stage
duration (time_mix, h) when concentration decrease is mainly controlled by
mechanical mixing. R? value is used to express goodness of fit estimated by
applying the proposed dilution approach in the Northern Adriatic Case Study.

Variance value

0.02 0.05 0.1 0.2 0.5
half-life (h) 2.0-6.2 4.8-9.5 8.1-16.2 13.3-30.5 33.0-94.4
R? 0.93-0.99 0.92-0.98 0.95-0.99 0.87-0.99 0.87-0.99
time_mix (h) 3-10 2-17 5-24 6-50 10-58

SPM” phases (i.e., SPM concentration, temperature, mixed layer depth,
and salinity), since the latter are both subjected to sinking and advected
significantly slower by water currents.

The information on the variance between the concentration of each
scrubber water constituent was also used to map where this mixture can
be considered equivalent to the original effluent, as shown in Fig. 7c.
The simulations indicated the presence of scrubber water within
approximately 2-3 km from the shipping lanes one hour after discharge.
Afterwards, scrubber water dispersion and persistence varied signifi-
cantly based on water and wind speed. The highest dispersion after 24 h
was observed near the Po River delta and the Gulf of Trieste (ca. 12-20
km from the initial discharge), while in the open sea scrubber water
remained at 4-8 km around the shipping lanes. Conversely, scrubber
water presence lasted significantly longer in the open sea, with a
persistence of about 20-24 h in contrast to the 12-14 h estimated near
the coast. As shown by the estimation of mixing timescale and degra-
dation rate, the choice of variance threshold also has a significant impact
on the results, affecting scrubber water persistence and mobility by up to
a factor of 3.

3.2.2. Continuous scrubber water discharge modelling experiment

After evaluating the environmental fate and behaviour of scrubber
water after a single discharge, the dilution ratio in the Northern Adriatic
Sea due to all discharges occurring in 2018 was investigated. The results
showed a scattergram of variance vs 1/Cd_DI (Fig. 8a) similar to those
obtained for the single-discharge experiments (not shown here), with a
group of points (dilution between 10~> and 107'%) showing very low
variance values, followed by datapoints showing the transition from the
turbulent to the biogeochemical concentration decrease regimes.
Furthermore, Fig. 8a shows the presence of high variance values (ca.
10%%) at very low dilution ratios (about 10’17—10720), which could be
attributed to the presence of grid cells containing a very limited number
of Lagrangian elements during the simulation. Several authors have
reported on the issue of modelling uncertainties occurring when
switching from a Lagrangian framework to a Eulerian grid due to limited
particle density within each grid cell (Diggs and Balachandar, 2016;
Price and Federrath, 2010; Sun et al., 2011). Several tests were carried
out and the seeding of 40 Lagrangian elements for each scrubber water
discharge was chosen as a reasonable compromise between accuracy of
the approximation and computational load (Graham and Moyeed, 2002;
Xue et al., 2018).

Fig. 8b highlights that the average lowest scrubber water dilution
ratios (about 5 x 107> %) were expected along the busiest route con-
necting the Port of Venice to the central Adriatic Sea. Furthermore,
while scrubber water presence within the shipping lanes leading to the
Port of Trieste was estimated about 5 times lower, the simulation also
showed limited amounts of scrubber water within 8-10 km from the
coast due to shipping lane location, water circulation patterns, and the
shipping effluents discharge ban within the Venice Vessel Traffic Service
area (Contini et al., 2015). Results also indicated significant seasonal
variations of scrubber water dilution ratio in the Northern Adriatic
(Fig. S2). In detail, the average dilution ratio reached during summer
(ca. 10-4 %) is about one order of magnitude lower than the value
estimated over the rest of the year. In this period the results also showed
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Fig. 8. (a) Scattergram of variance vs 1/Cd_DI in log10 scale for the cumulative
daily discharges of scrubber water in the Northern Adriatic for 2018. This
distribution of data points is consistent in corresponding experiments con-
ducted for every month of 2018; (b) Annual average dilution of scrubber water
with variance limit of 0.1; (c) Percentage of time in 2018 when scrubber water
dilution is above 10~ %.

the highest dispersion distance of scrubber water from the points of
discharge, especially in upper-central and lower regions of the model-
ling domain.

Information on the scrubber water dilution ratio reached in the
Northern Adriatic was also used to investigate the duration in 2018 for
which the effluent concentration exceeded a threshold value of 10™* %
(Fig. 8c). Results highlighted that the exceedance of the threshold was
limited, occurring about 20 % of the time during the simulation (mainly
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in summer) along the main shipping lane to the Port of Venice, while the
rest of the case study area showed an exceedance between 5 and 10 % of
the time. Note that due to computational limitations, scrubber dis-
charges were modelled using daily cumulative values. Therefore, the
concentrations reached in the marine environment due to the passage of
each ship may be lower. As a consequence, simulations where
Lagrangian elements are seeded with higher frequency (e.g., hourly)
may be needed to obtain more accurate results.

The effect of using different variance limit values was investigated
with regard to the annual average scrubber water dilution ratio (Fig. S3)
and the consequent percentage of time during 2018 when its value was
above 107 % (Fig. S4). The use of a lower variance threshold caused a
decrease in the annual average concentration of “whole” scrubber water,
and these effects were more evident ca. 6-10 km outside of the shipping
lanes, where a decrease of about 50 and 90 % was observed when using
0.05 and 0.02, respectively. The same spatial trend was observed also
when higher thresholds were applied (i.e., 0.2 and 0.5), but the effects
were markedly higher with an estimated increase of about 70 and 200
%, respectively. Fig. S4 highlights that the use of different variance
limits strongly influences also the percentage of time in 2018 for which
scrubber dilution ratio is above the specified dilution ratio of 1074 %.
This change is particularly evident when a variance limit of 0.5 is used,
leading to a frequency increase of about 8 times within areas about
10-30 km from the main shipping lanes. Conversely, when lower vari-
ance values are considered (i.e., 0.05 and 0.02) a decrease of 25-50 % is
registered along shipping lanes, while the exceedance frequency esti-
mated for other areas can reach a decrease of 85-100 %.

4. Discussion

Anthropogenic activity, both in the coastal zone and the open sea,
often leads to releases of liquid mixtures consisting of a range of
chemical compounds that may either be toxic or intervene in the
biochemical functioning of the marine environment. While the fate of
each compound may be investigated through advanced water-
circulation and water-quality numerical simulations, the impact on the
marine environment is not expected to correspond to a simple super-
position of the impacts of the individual constituents. To assess the
impact of the release of liquid mixtures on aquatic environments,
“Whole Effluent Toxicity” tests were gradually developed since the
1940s and standardization efforts began in the 1950s and culminated in
the 1990s, with the production of corresponding Technical Reports by
the U.S. Environmental Protection Agency (1991, 1996) (Chapman,
1999, and references therein). WET tests have become a standard
method in environmental impact assessment studies implemented on
effluents of urban waste-water treatment plants (Xia and Wang, 2024),
offshore oil-drilling platforms (Nielsen et al., 2023), coastal industries
(Meena R et al., 2023) and, more recently, Exhaust Gas Cleaning Sys-
tems (EGCS) (Picone et al., 2023).

Numerical simulations provide a powerful tool for studying pollutant
dispersion in marine environments, with varying levels of complexity.
The simplest approach treats pollutants as passive tracers, using hy-
drodynamic models that account only for mechanical mixing and dilu-
tion. A more advanced approach incorporates water-quality models to
simulate how environmental factors and biogeochemical processes
further determine the fate of individual compounds. However, tradi-
tional chemical fate modelling typically focuses on single substances,
thus, its ability to assess the impact of whole effluents is limited. To
address this, a new approach is introduced, that leverages output from
coupled 3D hydrodynamic - water quality models to track scrubber
water mixture dispersion before biochemical processes alter its
composition. Tested in two case study areas in Eastern Mediterranean,
this method can support risk and impact assessments for various other
complex effluents. Thus, the method hereby developed and applied on
marine scrubber effluent can be applied on a wide spectrum of polluting
activities potentially contributing to pollution of the coastal
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environment, since for most of them, water-quality modelling is the
method of choice to assess their impact on the planning stage.

As the use of marine scrubbers is expected to significantly increase in
the near future (Abadie et al., 2017), further studies are urgent and
fundamental, focusing on:

i) refining the definition of thresholds to estimate scrubber water
integrity after discharge taking into consideration also the vari-
ability of this mixture’s composition,

ii) better understanding the effects of these complex mixtures on
marine biota,

iii) incorporating new information on degradation rates of PAHs by
bacterial processes (e.g., Genitsaris et al., 2023) in water quality
model parameterization,

iv) including the effects of wave action in scrubber water dispersion
and dilution,

v) expanding analysis from the sea surface layer further down the
water column.

Although results depend upon water-quality modelling approach
(domain discretization and horizontal/vertical resolution, description
and parameterization of biogeochemical processes, Eulerian and
Lagrangian approach, etc.) that may differ between site-specific imple-
mentations, the fact that findings from the two case studies converge to
common conclusions on scrubber water spatiotemporal dilution and
degradation behaviour is strong evidence of the soundness and repro-
ducibility of the method presented in this work.

At the current stage, the implementations of the proposed method-
ology have produced the necessary results to prove its applicability.
Further testing and collaboration with modelling and ecotoxicology
groups, involving other marine areas and spatiotemporal scales (e.g.,
Aghito et al. (2025), regarding regional European seas) are needed to
ensure its robustness and expand its applications.

5. Conclusions

This work constitutes a major step in bridging the gap between the
results of (a) ecotoxicological experiments employing the “Whole
Effluent Toxicity (WET)” approach to determine environmentally
harmful concentrations of wastewater mixtures in the aquatic environ-
ment (Chapman, 1999, and references therein), and (b) coupled hy-
drodynamic — water quality numerical models providing spatiotemporal
distribution maps of individual chemical compounds constituting the
complex mixture that is released into the aquatic ecosystem.

A novel approach has been introduced to study the evolution of
complex mixtures in the aquatic environment at the early stage upon
their release, during which their composition remains constant. The
development of the method is based on the initial phase of liquid waste
effluents’ presence in the aquatic environment, during which turbulent
mixing causes a rapid dilution but the composition of the complex
mixture remains constant. This distinguishes it from the biochemical
phase that follows, during which this composition becomes variable. A
mixture-homogeneity criterion based on the variance among the dilu-
tion ratios of each constituent’s concentration has been developed and
applied to quantify the homogeneity of the mixture. Individual-element
dilution ratios are defined as the ratios of local elemental concentrations
to the corresponding concentrations in the original mixture prior to
release into the environment.

The method has been applied to spatiotemporal pollutant concen-
tration fields produced by simulation of scrubber-water released to the
coastal environments of two Eastern Mediterranean case studies, the
Northern Adriatic Sea and Saronikos Gulf in the Aegean Sea. This
application allowed the identification of marine areas affected by
scrubber water presence, along with maps of spatiotemporal presence.

Results showed that, in both case studies, a continuous release of
scrubber water over several days could lead to concentrations
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comparable to those detected in related ecotoxicological studies (e.g.,
Jalkanen et al., 2024; Monteiro et al., 2024) as causing adverse effects
on the tested species. Scrubber water can be treated as diluted, uniform
discharge within 2-60 h of its release in a 2-25 km zone along main
shipping lanes, depending on the variance limit value used as threshold.
In Saronikos Gulf, findings indicate that, in 2018, the areas around
the port of Piraeus and along the shipping lanes were the ones mostly
affected, with scrubber water at a dilution ratio of 10> and 10° present
up to 10 and 30 % of the time, respectively. Similarly, based on 2018
shipping traffic in the Northern Adriatic Sea, scrubber water presence
occurred mostly along the main shipping lanes leading to the ports of
Venice and Trieste, reaching concentrations capable of causing adverse
effects to the marine environment approximately 10 % of the time.
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