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Abstract

This study presents the development, implementation, and validation of the high-resolution three-dimensional bio-
geochemical 3D CEMBS-PolSea model for the southern Baltic Sea. The model is based on the NPZD (Nutrient—
Phytoplankton—Zooplankton—Detritus) framework and simulates key ecosystem components and processes, including
phytoplankton, zooplankton, chlorophyll a, dissolved oxygen, nutrients (NO3, PO,, SiO3, NH,), and organic matter
dynamics. The model was developed within the CSI-POM 2 project and integrated into an operational environmental
information system for Polish marine areas.

Model performance was evaluated using in situ observations from the ICES Hydrochemistry databases and satellite-
derived chlorophyll-a products from the SatBattyk system. Validation results demonstrated the highest agreement
for dissolved oxygen, with correlation coefficients reaching 0.87 and 0.72 for the ICES Low Resolution and High
Resolution datasets, respectively. Moderate agreement was obtained for nutrients and chlorophyll a, with correlation
coefficients ranging from 0.51 to 0.68. Additional performance metrics, including bias, normalised RMSE (nRMSE),
the RMSE-observation standard deviation ratio (RSR), and the coefficient of variation (CV), indicate that model errors
remain comparable to or lower than the variability of the observational datasets. These results demonstrate that the
model reproduces a substantial fraction of the observed environmental variability despite the high natural variability of
biogeochemical conditions in the Baltic Sea.

The integration of satellite-derived chlorophyll a assimilation improves the representation of phytoplankton dynamics
and enhances the operational applicability of the modelling system. The developed 3D CEMBS-PolSea model provides
a valuable tool for ecosystem assessment, environmental monitoring, forecasting, and marine management in the

southern Baltic Sea.
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1. Introduction

The Baltic Sea ecosystem is strongly influenced by river-
ine inflows, episodic inflows of saline North Sea waters
through the Danish Straits, and local hydrodynamic pro-
cesses such as upwelling, stratification, and vertical mix-
ing. Excessive nutrient inputs from land-based sources in-
tensify eutrophication, stimulating phytoplankton blooms
and contributing to oxygen depletion in deeper water lay-
ers. Because observational programmes provide limited
spatial and temporal coverage, numerical models have be-
come indispensable tools for analysing marine ecosystems,

© 2026 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

investigating environmental processes, and forecasting
their variability (Daewel and Schrum, 2013; Dzierzbicka-
Glowacka et al., 2013a,b; Eilola et al., 2009; Grawe et al.,,
2015; Hordoir et al., 2019; Meier et al., 2014; Murawski et
al,, 2021).

Over the last two decades, numerous hydrodynamic
and biogeochemical models have been developed for the
Baltic Sea. Examples include the Baltic Sea Long-Term
Large-Scale Eutrophication Model (BALTSEM) (Gustafsson
etal., 2012), ERGOM-based ecosystem models (Eilola et al.,
2009), the NEMO-Nordic modelling framework (Hordoir et
al,, 2019), and coupled regional ecosystem models such as
ECOSMO (Daewel and Schrum, 2013). These modelling sys-
tems have substantially improved our understanding of nu-
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Figure 1. Conceptual architecture of the CSI-POM and CSI-POM 2 operational environmental information systems and
the integration of the 3D CEMBS-PolSea ecohydrodynamic model. Stage 1 - components developed within CSI-POM

while Stage 2 - components developed within CSI-POM 2.

trient cycling, oxygen dynamics, eutrophication processes,
and ecosystem responses to climate variability and anthro-
pogenic pressures. Nevertheless, the complex interactions
between physical forcing, biogeochemical processes, and
human activities continue to represent a major scientific
challenge, particularly in coastal and shelf environments
characterised by strong environmental gradients and high
temporal variability.

Despite significant advances in marine monitoring and
numerical modelling, comprehensive analysis of processes
occurring in coastal ecosystems remains challenging. This
is particularly evident in semi-enclosed basins such as
the Baltic Sea, where strong vertical stratification, highly
variable riverine freshwater and nutrient inputs, irregular
inflows from the North Sea, and complex biogeochemi-
cal interactions control ecosystem functioning (Feistel et
al,, 2008; Lepparanta and Myrberg, 2009; Stramska et al.,
2021). In recent decades, increasing anthropogenic pres-
sure and eutrophication have further altered the ecological
status of the Baltic Sea, leading to changes in phytoplank-
ton biomass, water transparency, hypoxia, and the occur-
rence of harmful algal blooms (Gustafsson et al., 2012;

HELCOM, 2023; Stramska et al., 2021). Owing to the op-
tical complexity of Baltic waters and the strong spatial
and temporal variability of environmental conditions, re-
liable monitoring and forecasting require the integration
of in situ observations, satellite remote sensing products,
and advanced numerical modelling systems (Darecki and
Stramski, 2004; She et al., 2020; Stramska et al., 2021).

Although numerous studies have been conducted, un-
certainties remain regarding the quantitative importance
of individual ecosystem processes and their interactions.
Reliable environmental assessments therefore require high-
quality observational datasets together with robust numer-
ical models capable of reproducing the observed variability
of marine conditions. Model validation and quantitative
evaluation of model performance are essential prerequi-
sites for the application of numerical simulations in ecosys-
tem research, environmental assessment, and operational
forecasting.

While many Baltic Sea ecosystem models have proven
successful as scientific research tools, their integration into
operational environmental information systems remains
relatively limited. Consequently, a gap persists between
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scientific advances in marine ecosystem modelling and
their practical application in environmental management,
marine spatial planning, and decision-support systems.
Bridging this gap requires not only accurate numerical
models but also efficient mechanisms for transforming
model outputs into operational environmental information
products accessible to end users.

The Digital System for Environmental Information of
Polish Marine Areas (CSI-POM Stage 2, http://www.csip
om?2.pl), developed as a continuation of CSI-POM Stage 1
(http://www.csipom.pl), aims to address this challenge by
integrating advanced numerical modelling with an opera-
tional environmental information system for Polish marine
areas (Dybowski et al., 2025; Dzierzbicka-Glowacka et al.,
2025). The overall structure of the CSI-POM and CSI-POM
2 systems, together with the role of the 3D CEMBS-PolSea
model within the operational framework, is presented in
Figure 1.

The three-dimensional prognostic ecohydrodynamic
3D CEMBS-PolSea model constitutes the core numerical
component of the Digital System for Environmental Infor-
mation of Polish Marine Areas (CSI-POM and CSI-POM 2).
The system consists of two principal modules: a hydro-
dynamic module and a biogeochemical module, supple-
mented by dedicated components responsible for atmo-
spheric forcing, riverine inputs, satellite data assimilation,
operational management, and dissemination of environ-
mental information products. The hydrodynamic compo-
nent was validated independently and is described in detail
in Dybowski et al. (2025).

In addition to the numerical modelling components,
the system includes supervisory procedures responsible
for workflow control, data exchange, quality assurance,
data archiving, and user-oriented product generation.
While CSI-POM Stage 1 focused primarily on the analysis
and forecasting of physical marine parameters, CSI-POM
Stage 2 extends these capabilities through the implementa-
tion of advanced biogeochemical modelling and ecosystem
analysis tools. The development of the 3D CEMBS-PolSea
biogeochemical module therefore represents a key step
towards integrating high-resolution ecosystem modelling
into an operational environmental information system sup-
porting environmental monitoring, scientific research, and
marine management in Polish marine areas.

The main objective of this study is the development,
implementation, and validation of a high-resolution bio-
geochemical module of the 3D CEMBS-PolSea model for
the southern Baltic Sea. The model enables simulations
of phytoplankton and zooplankton biomass, chlorophyll a
concentration, dissolved oxygen, nutrient dynamics, and
organic matter transformations. Particular emphasis is
placed on model validation using in situ observations from
the ICES database and satellite-derived chlorophyll a prod-
ucts, as well as on the assessment of the model’s ability
to reproduce the spatial and temporal variability of key
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biogeochemical parameters in the southern Baltic Sea.

This paper focuses on the structure, implementation,
and performance of the biogeochemical component of the
3D CEMBS-PolSea system and its applicability to ecosys-
tem analysis in the southern Baltic Sea. The architecture
and functionality of the operational CSI-POM 2 environ-
mental information platform, in which model products are
disseminated to end users, will be presented in a separate
publication.

2. Material and methods

Achieving the objectives of the CSI-POM Stage 2 project,
namely determining the dynamics of biogeochemical pa-
rameters in the southern Baltic Sea, requires the imple-
mentation of the following stages:

2.1 Model configuration

As part of model setup, a comprehensive dataset of in-
put fields was prepared, including initial conditions, atmo-
spheric forcing, boundary conditions at the water-water
interface, as well as river inflows and nutrient deposition,
all supplied through dedicated data modules.

2.1.1 Initial conditions

Initial fields were prepared on the 3D CEMBS-PolSea model
grid developed during the first stage of the CSI-POM project.
A horizontal resolution of approximately 575 m was ap-
plied, representing a compromise between accurate repre-
sentation of physical and biogeochemical processes and
computational efficiency. The vertical grid consists of 66
layers. In the upper part of the water column (down to
255 m depth), layers of 5 m thickness are used, correspond-
ing to 26 vertical layers within the Polish marine areas.
Below this depth, the layer thickness gradually increases,
reaching a maximum of 83 m in the deepest parts of the
southern Baltic Sea domain (Dybowski et al., 2025).

Bathymetry was developed based on EMODnet Bathy-
metry data, which provide consistent digital terrain mod-
els for European marine areas. The resulting bathymetry
was subsequently corrected by adjusting it to a high-
resolution coastline to ensure accurate representation of
flows in the coastal zone (see Figure 2).

Initial conditions were prepared for 1 January 2020
and include, among others, concentrations of nitrates, phos-
phates, ammonia, silicates, dissolved oxygen, phytoplank-
ton and zooplankton biomass, chlorophyll a concentration,
and organic matter content. These data cover the entire
water column at each grid point. The source data were
derived from two main datasets. The first was the Baltic
Sea Biogeochemistry Reanalysis provided by the Marine
Copernicus system, based on the ERGOM model coupled
with the NEMO ocean-ice model. The second source was
the 3D CEMBS model with a spatial resolution of approx-
imately 2.3 km, developed at the Institute of Oceanology,
Polish Academy of Sciences.
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Figure 2. Bathymetry of the “effective domain” of the three-dimensional CEMBS-PolSea model, including the locations of
21 river mouths incorporated into the model and the boundaries of the Polish Marine Areas.

Due to the lower spatial resolution of the source data
compared to the target model, the datasets were interpo-
lated onto the 3D CEMBS-PolSea grid. To avoid data gaps in
coastal regions, extrapolation using a Poisson Solver was
applied. This was followed by vertical and horizontal inter-
polation using the Piecewise Cubic Hermite Interpolating
Polynomial (PCHIP) method. The final initial fields were
stored in netCDF format.

2.1.2 Atmospheric forcing

Atmospheric forcing fields were prepared based on fore-
casts from the Unified Model (UM), developed at the Inter-
disciplinary Centre for Mathematical and Computational
Modelling of the University of Warsaw (ICM UW). The
model provides meteorological forecasts four times per
day. Input data include wind components at 10 m, air tem-
perature at 2 m, specific humidity, dew point temperature,
sea-level atmospheric pressure, precipitation, and short-
wave and longwave radiation components. These data are
interpolated onto the 3D CEMBS-PolSea grid and stored in
netCDF files with an hourly temporal resolution.

2.1.3 Open boundary conditions

The 3D CEMBS-PolSea model domain covers the south-
ern Baltic Sea and is connected to the Danish Straits and
the central Baltic. Therefore, appropriate open boundary
conditions are required. These are derived from the op-
erational 3D CEMBS model with a spatial resolution of
approximately 2 km (Dzierzbicka-Glowacka et al., 2013a).
The data are provided at 6-hour intervals as up-to-date
model outputs and are subsequently processed through
extrapolation using a Poisson Solver, followed by vertical
and horizontal interpolation onto the 3D CEMBS-PolSea
grid.

2.1.4 River inflows and nutrient deposition

The inclusion of river inflows is a key component in mod-
elling coastal processes. The 3D CEMBS-PolSea model in-
corporates 21 rivers discharging into the southern Baltic
Sea from Polish territory. River flow data are derived from
SWAT hydrological models (Dybowski et al., 2020, 2019;
Dybowski and Dzierzbicka-Glowacka, 2023; Dzierzbicka-
Glowacka et al,, 2022), the HYPE model, and operational
measurements conducted by the Institute of Meteorology
and Water Management (IMGW) (Table 1 in Dybowski et
al,, 2025).

In the second stage of the project, the 3D CEMBS-PolSea
model was extended to include riverine nutrient inputs. In
situ concentration data for nutrients were obtained from
the database of the Chief Inspectorate for Environmen-
tal Protection (GIOS), which conducts independent moni-
toring of riverine inputs through chemical and biological
analyses of water samples collected at various locations
and periods throughout the year. The GIOS monitoring
programme is independent of measurements performed
by the Institute of Meteorology and Water Management
(IMGW). The collected measurements were available for
all rivers implemented in the model domain; however, they
did notinclude a complete set of biogenic substances trans-
ported by rivers. The available data included primarily con-
centrations of nitrates, phosphates, and dissolved oxygen,
while information on silicate and chlorophyll a concentra-
tions was insufficient to reconstruct their seasonal vari-
ability and was therefore supplemented using available
literature sources. To obtain continuous daily variability of
nutrient concentrations, the available measurements were
interpolated using the PCHIP (Piecewise Cubic Hermite
Interpolating Polynomial) method between observation
points and extrapolated to the beginning and end of the
year. This procedure resulted in continuous daily time se-
ries representing nutrient concentrations for each day of
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the year. Subsequently, the obtained concentrations were
combined with daily freshwater discharge volumes from
individual rivers to calculate daily nutrient loads entering
the Baltic Sea. The calculated loads were converted into
the units required by the model (kg m~2 s~1) and prepared
as input forcing files for the 3D CEMBS-PolSea model for
each year of the 2018-2023 period. Additionally, based on
the six-year dataset, mean daily nutrient concentrations
were calculated and used to provide forcing data for the op-
erational version of the 3D CEMBS-PolSea system. Due to
the lack of real-time operational measurements of riverine
nutrient concentrations, this approach provided a prac-
tical method for generating reliable nutrient deposition
estimates suitable for operational forecasting applications.

2.2 Biogeochemical model

The biogeochemical component of the 3D CEMBS-PolSea
model was developed to simulate the main processes gov-
erning nutrient cycling, primary production, organic mat-
ter transformation, and oxygen dynamics in the south-
ern Baltic Sea. The model is based on the NPZD (Nutri-
ent-Phytoplankton-Zooplankton-Detritus) concept and
represents interactions among the principal biological and
chemical compartments of the pelagic ecosystem.

The implemented module originates from the Baltic
Sea version of the Community Earth System Model (CESM,
configuration G) adapted and further developed for re-
gional applications in the southern Baltic Sea. The model
describes the coupled dynamics of three phytoplankton
functional groups, zooplankton biomass, dissolved oxy-
gen, organic matter, and the major nutrients controlling
ecosystem productivity, including nitrates (NO3), ammonia
(NH,), phosphates (PO,), and silicates (SiO3).

Biogeochemical processes are represented through
a system of coupled advection-diffusion-reaction equa-
tions, in which transport processes are provided by the
hydrodynamic model and biological transformations are
represented by source-sink functions. These formulations
describe nutrient uptake by phytoplankton, grazing by zoo-
plankton, mortality, remineralisation of organic matter,
oxygen production and consumption, and nutrient regen-
eration processes. (Dzierzbicka-Gltowacka et al., 2013b;
Moore et al., 2001). A conceptual representation of the
model structure is presented in Figure 3.

2.3 Hydrodynamic forcing of the biogeochemical mod-
ule
The biogeochemical component of the 3D CEMBS-PolSea
system is driven by hydrodynamic fields generated by the
CSI-POM model. The physical model provides the environ-
mental forcing required for biogeochemical simulations,
including three-dimensional fields of temperature, salin-
ity, currents, turbulent mixing, and sea-surface elevation.
These variables determine the transport of nutrients and
planktonic organisms, vertical exchange processes, and en-
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Figure 3. Simplified conceptual scheme of the NPZD bio-
geochemical model.

vironmental conditions controlling biological production
and biogeochemical transformations.

The hydrodynamic and biogeochemical modules op-
erate on the same computational grid and use identical
bathymetry, open boundary conditions, atmospheric forc-
ing, and riverine inputs. Hydrodynamic fields are calcu-
lated continuously by the physical model and supplied to
the biogeochemical module at each computational time
step. The exchange of information is therefore unidirec-
tional, from the hydrodynamic model to the biogeochemi-
cal component, with no feedback of biogeochemical pro-
cesses on hydrodynamic calculations.

As aresult, the distribution and variability of biogeo-
chemical variables are directly controlled by physical pro-
cesses such as advection, diffusion, stratification, upwelling,
and vertical mixing. These processes regulate the trans-
port and availability of nutrients, oxygen, and planktonic
biomass throughout the water column and across the study
area.

A detailed description and validation of the hydrody-
namic model are presented by Dybowski et al. (2025). The
present study focuses on the implementation and valida-
tion of the biogeochemical module, which uses the vali-
dated hydrodynamic model as its physical forcing frame-
work.

2.4 Satellite data assimilation

2.4.1 Satellite data

The data used in the assimilation process originate from
the SatBattyk system and represent processed satellite ob-
servation products. These data are stored as daily NetCDF
files with a horizontal spatial resolution of approximately
300 m. Each file contains information on total chlorophyll a
concentration (ChlaSAT total) and chlorophyll a concentra-
tion attributed to cyanobacteria (ChlaSAT_diaz), as well as
a mask indicating their spatial occurrence. Cyanobacterial
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SATELLITE OBSERVATIONS
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Figure 4. Schematic representation of the chlorophyll a data assimilation procedure in the 3D CEMBS-PolSea model.

contribution to chlorophyll a (chlPC) was estimated using
a two-step approach. In the first step, phycocyanin con-
centration (PC) was derived from spectral reflectance fol-
lowing the formulation proposed by Wozniak etal. (2016).
In the second step, PC concentration was converted into
cyanobacteria-associated chlorophyll a (chIPC) under the
assumption of cyanobacterial dominance (by Ston-Egiert
(IOPAN) - latest version: 2024-07-02). The detailed de-
scription of the satellite-derived data products and the
data assimilation methodology is beyond the scope of this
paper and will be presented in a separate publication.

2.4.2 Implementation of the assimilation module

The assimilation module is based on modified and extend-
ed components of the Community Earth System Model
(CESM, configuration type G), a coupled global climate
model developed by the National Center for Atmospheric
Research (NCAR), and constitutes an integral part of the
three-dimensional 3D CEMBS-PolSea model. The applied
assimilation approach uses both model-derived variables
and satellite observations as input data.

The assimilation process is performed daily, provided
that satellite data are available, within a 24-hour assimila-
tion window centered at 12:00 (noon). The sequence of
operations carried out within the assimilation module for
all model grid points is described in detail in a separate

publication (in preparation). Additionally, data filtering
procedures have been implemented to enhance the stabil-
ity of the assimilation process by reducing or eliminating
the influence of unrealistic or erroneous satellite observa-
tions on the model system.

In the three-dimensional CEMBS-PolSea model, chlo-
rophyll-a concentration is represented by three functional
groups of phytoplankton: diazotrophs, diatoms, and small
phytoplankton. In contrast, satellite products provide in-
formation on total chlorophyll a concentration
(ChlaSAT _total) and the fraction attributed to diazotrophs
(ChlaSAT _diaz). Therefore, an intermediate step is required
to partition satellite observations into three components
corresponding to the model state variables.

The procedure consists of the following steps:

1. Direct assimilation of diazotrophs

The chlorophyll a concentration of diazotrophs
(ChlaSAT_diaz) obtained from satellite observations
is directly assimilated into the corresponding model
variable, in accordance with the adopted assimila-
tion methodology.

2. Redistribution of the remaining chlorophyll a

The non-diazotrophic chlorophyll a fraction
(ChlaSAT nondiaz) is calculated as the difference be-
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tween the total chlorophyll a concentration
(ChlaSAT _total) and ChlaSAT diaz:

ChlaSAT nondiaz = ChlaSAT _total—ChlaSAT _diaz

The remaining chlorophyll a, representing the com-
bined contribution of diatoms and small phytoplankton,
is then redistributed between these two groups propor-
tionally to their relative shares in the model prior to as-
similation. This approach ensures that the sum of chloro-
phyll a concentrations for both groups converges to the
ChlaSAT nondiaz value derived from satellite data, while
changes in individual components are scaled according to
their pre-assimilation proportions.

This proportional redistribution method preserves the
ecological consistency of the model and prevents the intro-
duction of unrealistic changes in the functional structure
of phytoplankton communities. A schematic illustration of
this procedure is presented in Figure 4 (details provided
in a separate publication, in preparation).

The assimilation process enables dynamic correction of
model outputs, thereby increasing their consistency with
the actual state of the environment.

Satellite-derived chlorophyll a products do not repre-
sent chlorophyll concentration in a single surface layer but
rather an optically weighted signal originating from the
upper illuminated part of the water column. Consequently,
the satellite observations are not directly equivalent to
chlorophyll concentrations simulated in the uppermost
model layer. In this study, satellite chlorophyll a data were
compared with and assimilated intothe upper 5 m model
layer as an approximation of the near-surface chlorophyll
field. This simplification may introduce uncertainties, par-
ticularly during stratified periods when subsurface chloro-
phyll maxima occur below the mixed layer and contribute
to the satellite signal. Therefore, part of the differences be-
tween model results and satellite observations may arise
from the different vertical representations of chlorophyll
a in the observational and modelling systems. A more
rigorous comparison would require the application of an
observation operator that converts modelled chlorophyll
profiles into optically weighted quantities consistent with
ocean-colour observations. The upper 5 m layer was se-
lected because it represents the model layer most directly
associated with the near-surface optical signal and corre-
sponds to the vertical resolution available in the opera-
tional model configuration.

2.5 Validation methodology

Model validation consisted of comparing simulation out-
puts with in situ and satellite observations, quantifying the
degree of agreement, and assessing whether the model is
suitable for further application.

2.5.1 Observational data
To evaluate the performance of the biogeochemical module
of the 3D CEMBS-PolSea model, simulation results were
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compared with in situ observational data. The analysis
covered a four-year period from 1 January 2022 to 31 De-
cember 2025, during which a continuous numerical simu-
lation was performed. Model outputs were then compared
with available experimental measurements to assess their
consistency.

During simulations, results were stored as daily output
files, each containing four time fields representing mean
values calculated over six-hour intervals corresponding to
00:00-06:00,06:00-12:00,12:00-18:00, and 18:00-24:00.
This approach preserves information on diurnal variability
while limiting the volume of generated output data.

Observational data used for validation were obtained
from the ICES database (International Council for the Ex-
ploration of the Sea, https://data.ices.dk/). Two datasets
were used: ICES Low Resolution Hydrochemistry and ICES
High Resolution Hydrochemistry.

From the Low Resolution dataset (2022-2024), mea-
surements of dissolved oxygen (0,), chlorophyll a (CHL),
phosphates (P0,), silicates (SiO3), and nitrates (NO3) were
used. The High Resolution dataset provides higher spatial
and vertical sampling resolution but for a more limited
number of variables; in this study, only dissolved oxygen
(O5) data were used.

Data availability for 2025 is currently limited; there-
fore, the validation primarily relies on observations from
2022-2024. No measurements from 2025 were present
in the Low Resolution dataset, while High Resolution data
from 2025 account for approximately 5% of the amount
available for earlier years.

2.5.2 Quality control

Prior to the model-observation matching procedure, an
initial quality control of observational data was performed.
Hydrochemical data from the ICES database were filtered
to remove measurements associated with high uncertainty
or failing basic quality criteria.

In the first step, empty or erroneous records, as well as
entries lacking information on sampling time and/or loca-
tion, were removed. Subsequently, a filter based on Quality
Flags provided within the ICES datasets was applied. Only
high-quality measurements were retained, i.e., those for
which quality flags for both depth and the analysed vari-
able indicated valid or acceptable data. Measurements
marked as doubtful or erroneous were excluded from fur-
ther analysis.

Additionally, the dataset was restricted to points lo-
cated within the 3D CEMBS-PolSea model domain. Obser-
vations outside the model grid or those that could not be
assigned to a sufficiently close grid cell were discarded
(e.g.,, measurements from the Vistula Lagoon or Szczecin
Lagoon).

2.5.3 Match-up procedure
Comparing model outputs with observations requires
matching values in space, time, and depth. A modified
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Figure 5. Spatial distribution of data from the ICES Low Resolution Hydrochemistry dataset used for the validation of

the 3D CEMBS-PolSea model.
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Figure 6. Spatial distribution of available data from the ICES High Resolution Hydrochemistry dataset used for the

validation of the 3D CEMBS-PolSea model.

match-up procedure was applied, assigning each observa-
tional measurement a corresponding model value.

The vertical structure of the 3D CEMBS-PolSea model
consists of 26 layers, each 5 m thick, within the Polish ma-
rine areas. Since in situ measurements are taken at irregu-
lar depths, they were mapped onto discrete model layers.
All observations collected within the same spatiotempo-
ral window (identical geographic coordinates and sam-
pling day) were grouped according to depth intervals cor-
responding to model layers. When multiple measurements
fell within the same interval, their values were averaged
to produce a single representative observational value for
that layer.

Geographical coordinates were then converted into
model grid indices (x, ¥), assigning each observation to

the nearest grid point. Observations outside the model
domain were excluded. Model values were extracted for
the corresponding (x, y, z) grid point at the time of mea-
surement. As a result, each in situ observation was paired
with a corresponding model value at the same time and in
the same three-dimensional location.

This modified approach differs from the classical match-
up procedure. Vertical interpolation of model results to
exact measurement depths was intentionally avoided, as
it introduced significant discrepancies, particularly in the
surface layer. The first model layer represents an average
value over the 0-5 m depth range (centered at 2.5 m), and
interpolation toward the surface introduced additional un-
certainty, especially since most ICES measurements are
taken at or near the surface. Aggregating observations
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Figure 7. Vertical distribution of available data from the ICES Low Resolution Hydrochemistry dataset used for the

validation of the 3D CEMBS-PolSea model.
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Figure 8. Vertical distribution of available data from the ICES High Resolution Hydrochemistry dataset used for the

validation of the 3D CEMBS-PolSea model.

into depth intervals consistent with model layers reduces
this uncertainty and enables a more robust comparison
between model outputs and observations.

2.5.4 Validation metrics

To illustrate the availability of observational data used
in the model validation, maps showing the spatial distri-
bution of measurement points from both ICES databases
within the 3D CEMBS-PolSea model domain were prepared
(see Figures 5-6). All sampling locations used in the analy-

sis for the years 2022-2025 are shown, covering the pre-
viously selected biogeochemical parameters. The map
presents the spatial distribution of measurement points
against the bathymetry of the model domain and the bound-
aries of the effective computational area.

The spatial distribution of the Low Resolution dataset
is highly non-uniform and reflects the nature of monitor-
ing campaigns in the Baltic Sea. The highest density of
observations is found in coastal regions and along major re-
search vessel transects, whereas offshore areas and some
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parts of the model domain are significantly under-sampled.
Despite this spatial heterogeneity, the dataset covers a sub-
stantial portion of the study area and provides a solid basis
for statistical evaluation of model performance against ob-
servations.

The number of available measurements for the anal-
ysed period and domain in the ICES Low Resolution Hy-
drochemistry dataset was as follows: 17691 for dissolved
oxygen (0,), 3009 for chlorophyll a (CHL), 7083 for phos-
phates (PO,), 7081 for silicates (Si03), and 6174 for ni-
trates (NO3). After applying the modified match-up proce-
dure and quality-control filters, 5169 O, measurements,
2639 CHL measurements, 5674 PO, measurements, 5672
Si03; measurements, and 4812 NO; measurements were
retained for analysis.

For the ICES High Resolution Hydrochemistry dataset,
the number of available oxygen (0,) measurements was
168046, which was reduced to 13437 after filtering and
matching with the 3D CEMBS-PolSea model.

An important aspect of assessing the availability of ob-
servational data used in the model validation process is
the analysis of their vertical distribution within the wa-
ter column. Since the 3D CEMBS-PolSea model employs
a discrete vertical structure with 5 m thick layers in the up-
per part of the water column, experimental measurements
were previously assigned to corresponding model layers
through aggregation within depth intervals matching the
model levels. On this basis, it was possible to determine
the number of observations assigned to individual vertical
layers of the model.

Both ICES datasets exhibit a similar vertical profile,
with a clear dominance of surface-layer observations. The
analysis of the vertical distribution of data from the ICES
Low Resolution Hydrochemistry dataset showed that more
than 62% of all measurements originate from the upper 30
m of the water column (model layers 0-30 m). The number
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of observations assigned to individual model layers ranges
from several thousand in the surface layers to only single
observations in the deepest levels of the water column (see
Figure 7).

In the case of the ICES High Resolution Hydrochemistry
dataset, the vertical distribution of data is more uniform
in the upper part of the water column; however, a clear
dominance of surface-layer measurements is still observed.
Approximately 50% of all observations are located within
the upper 0-30 m model layers (see Figure 8).

Such a strong concentration of measurements in the up-
per part of the water column is consistent with the nature
of oceanographic research in the Baltic Sea, where most ob-
servations are carried out within the euphotic zone, where
the highest intensity of biological processes occurs, such
as phytoplankton primary production and biogeochemical
transformations. It should also be emphasised that the
Low and High Resolution datasets differ in the range of
available parameters. In the Low Resolution dataset, mea-
surements of several biogeochemical variables were con-
sidered simultaneously (dissolved oxygen, chlorophyll a,
nitrates, phosphates, and silicates); therefore, the reported
numbers of observations refer to all these parameters col-
lectively. In contrast, the High Resolution dataset contains
only dissolved oxygen (O,) data, and thus its vertical dis-
tribution refers exclusively to this variable.

3. Results

3.1 Validation Results

To assess simulation quality, modelled values were com-
pared with corresponding observational data from the
ICES databases for the period 01.01.2022-31.12.2025. The
analysis included dissolved oxygen (0,), chlorophyll a
(CHL), phosphates (P0O,), silicates (SiO3), and nitrates
(NO3). For each parameter, statistical metrics were calcu-
lated for paired model-observation data, including mean,

Table 1. Summary statistics from the comparison between 3D CEMBS-PolSea model results and ICES observational data
(LR - Low Resolution Hydrochemistry, HR - High Resolution Hydrochemistry).

Model: 3D CEMBS-PolSea 01.01.2022-31.12.2025

Variable N Mean value STD ICES vs Model
ICES Model ICES Model RMSD r

ﬁflrgl'“off)m_g] 5,169 296.74 302.34 109.85 72.61 58.82 0.87
[Cn}jém—s] 2,639 3.03 1.44 3.33 1.75 2.73 0.57
Fg;‘nol m-3] 5,674 0.80 0.86 0.99 0.37 0.80 0.65
?rlr(l)r?ml m~3] 5,672 19.94 13.25 15.53 5.22 12.61 0.68
NO,

[mmol m™3] 4,812 3.08 6.30 9.62 9.33 8.44 0.60
0; (HR) 13,437 286.24 302.21 133.16 69.21 95.75 0.72

[mmol m~3]
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Table 2. Additional skill metrics used for model evaluation
of the 3D CEMBS-PolSea model. Bias represents the differ-
ence between modelled and observed mean values. nRMSE
is the normalized root mean square error expressed rela-
tive to the observed mean concentration. RSR denotes the
ratio of RMSE to the standard deviation of observations.
CV represents the coefficient of variation of observational
data.

Variable Bias nRMSE [%] RSR CV [%]
?nzngl'“ol?m_a] 5.60 19.82 0.54 37.02
[Cnf;m_ﬂ -1.59 90.10 0.82 109.90
'[Dgfnol =] 0.06 100.00 0.81 123.75
?é?;ml m-3] 669 63.24 0.81 77.88
Fn?%ol n=?] 3.22 274.03 0.88 312.34
?nzngl"('j?n_g] 15.97 33.45 0.72 4652

standard deviation, root mean square difference, and the
Pearson correlation coefficient (Table 1). These measures
evaluate both agreement in mean values and the model’s
ability to reproduce spatial and temporal variability. Spa-
tial performance was assessed by calculating correlation
coefficients for individual stations and mapping their dis-
tribution. Only stations with more than 20 observations
(NS> 20) were included in the statistical analysis.

3.1.1 Oxygen (0O3)
Dissolved oxygen is one of the key indicators of marine
ecosystem status because its distribution reflects the com-

56°N

ICES: Low Resolution Hydrochemistry
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bined effects of biological production, respiration, air-sea
gas exchange, vertical mixing, and water mass circulation.

Comparison of model simulations with ICES Low Res-
olution Hydrochemistry observations demonstrates very
good agreement between modelled and observed oxygen
concentrations. The Pearson correlation coefficient
reached r = 0.87, while the mean modelled concentration
(302.34 mmol m~3) was close to the observed value
(296.74 mmol m™~3), indicating only a small positive bias
(+5.60 mmol m~3). The corresponding RSR value of 0.54
indicates that model errors remain substantially lower
than the natural variability of the observational dataset.
For the ICES High Resolution Hydrochemistry dataset, the
model also performed well, with a correlation coefficient
of r=0.72 and an RSR value of 0.72 (Table 2).

The spatial distribution of correlation coefficients (Fig-
ures 9-10) indicates consistently high agreement through-
out most of the study area. The highest correlations are
observed in offshore waters, whereas slightly lower val-
ues occur in some coastal regions and near-bottom envi-
ronments characterised by stronger local variability. The
model reproduces the seasonal cycle and large-scale dis-
tribution of oxygen particularly well in surface and inter-
mediate water layers.

A tendency to overestimate oxygen concentrations is
observed under low-oxygen conditions, mainly in deeper
waters. This behaviour may be related to uncertainties in
the representation of sediment oxygen demand, benthic
remineralisation processes, and local circulation patterns
affecting deep-water ventilation. Nevertheless, the high
correlation coefficients and favourable RSR values confirm
that the model successfully reproduces the dominant pro-
cesses controlling oxygen dynamics in the southern Baltic
Sea.
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Figure 9. Spatial distribution map of the Pearson correlation coefficient (r) at individual locations for dissolved oxygen
(05) concentration, based on the ICES Low Resolution Hydrochemistry dataset.
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Figure 10. Spatial distribution map of the Pearson correlation coefficient (r) at individual station locations for dissolved
oxygen (0,) concentration, based on the ICES High Resolution Hydrochemistry dataset.

3.1.2 Chlorophyll a (CHL)

Chlorophyll a concentration is commonly used as an indi-
cator of phytoplankton biomass and primary production
intensity. Its variability is strongly controlled by nutri-
ent availability, light conditions, species composition, and
short-term hydrodynamic forcing.

Comparison of model simulations with ICES observa-
tions yielded a correlation coefficient of r =0.57 (Table 1).

Although this is the lowest correlation among the anal-
ysed variables, chlorophyll a also exhibits exceptionally
high natural variability. The coefficient of variation of the
observational dataset reaches 109.9%, reflecting the highly
episodic and localised nature of phytoplankton blooms.
The model slightly underestimates chlorophyll a concen-
trations, with a bias of —1.59 mg m~3. The RSR value of
0.82 indicates that model errors remain lower than the
overall variability of the observations.

The spatial distribution of correlation coefficients (Fig-
ure 11) shows generally better agreement in offshore wa-
ters than in coastal regions. Lower correlations are ob-
served in areas influenced by riverine inputs and rapid
environmental changes, where short-lived bloom events
and local ecological processes are difficult to reproduce
accurately. Such spatial patterns are typical for regional
biogeochemical ecosystem models.

Part of the discrepancy between model results and ob-
servations may result from differences between the model
representation and the observation system itself. Satellite-
derived chlorophyll a products represent an optically
weighted signal integrated over a certain depth range rather
than the concentration occurring exclusively within the
uppermost model layer. During periods of strong stratifi-
cation, chlorophyll maxima may occur below the surface

mixed layer, contributing to differences between modelled
and observed chlorophyll a concentrations. In addition,
the high spatial and temporal variability of phytoplankton
blooms, particularly in coastal waters, remains challenging
for regional ecosystem models.

3.1.3 Phosphates (PO,)

Phosphates constitute one of the primary nutrients con-
trolling phytoplankton production and eutrophication pro-
cesses in the Baltic Sea. Their distribution is influenced by
biological uptake, remineralisation, sediment-water inter-
actions, and riverine nutrient inputs.

The comparison between model results and ICES ob-
servations indicates good agreement, with a Pearson cor-
relation coefficient of r = 0.65 (Table 1). Mean modelled
phosphate concentrations closely match observations, re-
sulting in a very small positive bias (+0.06 mmol m~3).
Although the RMSD reaches 0.80 mmol m~3, the observa-
tional dataset itself exhibits substantial variability
(CV =123.8%). The RSR value of 0.81 indicates that model
errors remain lower than the standard deviation of the
observations.

The spatial distribution of correlation coefficients Fig-
ure 12) reveals generally higher agreement in offshore
regions than in coastal waters. Lower correlations occur
in the Gulf of Gdansk, Puck Bay, the Pomeranian Bay, and
near river mouths. These areas are strongly influenced by
freshwater inflows and nutrient inputs, which introduce
significant short-term variability and local gradients that
are difficult to reproduce precisely.

Overall, the results indicate that the model captures
the principal mechanisms controlling phosphate transport
and cycling in the southern Baltic Sea, while remaining
discrepancies are largely associated with the complexity
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Figure 11. Spatial distribution map of the Pearson correlation coefficient (r) at individual locations for chlorophyll a
(CHL) concentration, based on the ICES Low Resolution Hydrochemistry dataset.
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Figure 12. Spatial distribution map of the Pearson correlation coefficient (r) at individual locations for phosphate (PO,)
concentration, based on the ICES Low Resolution Hydrochemistry dataset.

of coastal processes and uncertainties in riverine nutrient
load estimates.

3.1.4 Silicates (SiO3)
Silicates play a fundamental role in the Baltic Sea ecosys-
tem because they constitute an essential nutrient for di-
atoms, one of the dominant phytoplankton groups. Conse-
quently, their availability directly affects primary produc-
tion and the structure of phytoplankton communities.
Comparison of model simulations with ICES observa-
tions indicates good agreement, with a Pearson correlation
coefficient of r = 0.68 (Table 1). The mean modelled con-

centration (13.25 mmol m~3) is lower than the observed
value (19.94 mmol m~3), resulting in a negative bias of
—6.69 mmol m~3. The RMSD reaches 12.61 mmol m~3;
however, interpretation of this value should consider the
substantial variability of the observational dataset
(CV=77.9%). The calculated RSR value of 0.81 indicates
that model errors remain lower than the standard devia-
tion of the observations.

Modelled and observed concentrations show good
agreement for silicate concentrations up to approximately
25 mmol m~3. For higher concentrations, the model tends
to underestimate observed values. This behaviour may
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Figure 13. Spatial distribution map of the Pearson correlation coefficient (r) at individual locations for silicate (SiO53)
concentration, based on the ICES Low Resolution Hydrochemistry dataset.
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Figure 14. Spatial distribution map of the Pearson correlation coefficient (r) at individual locations for nitrate (NO3)
concentration, based on the ICES Low Resolution Hydrochemistry dataset.

be associated with uncertainties in riverine silicon inputs,
local sediment-water interactions, or resuspension pro-
cesses that are particularly important in shallow coastal
environments.

The spatial distribution of correlation coefficients (Fig-
ure 13) reveals a clear contrast between offshore and
coastal regions. Higher correlations are observed through-
out most open-sea areas, whereas lower values occur in
coastal waters influenced by river discharge and local hy-
drodynamic processes. The spatial pattern suggests that
the model adequately reproduces large-scale silicate vari-
ability while local discrepancies are primarily associated

with the complexity of coastal nutrient dynamics.

Overall, the obtained results indicate that the model
successfully captures the dominant mechanisms control-
ling silicate distribution in the southern Baltic Sea and
provides a realistic representation of silicon cycling at the
regional scale.

3.1.5 Nitrates (NO3)

Nitrates constitute one of the principal forms of bioavail-
able nitrogen and play a key role in regulating primary
production and ecosystem functioning in the Baltic Sea.
Their concentrations are controlled by riverine inputs, bi-
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ological uptake, remineralisation processes, and physical
transport.

For nitrates, the model achieved a Pearson correlation
coefficient of r = 0.60, indicating moderate agreement with
observations (Table 1). The mean modelled concentra-
tion (6.30 mmol m~3) exceeds the observed value (3.08
mmol m~3), resulting in a positive bias of +3.22 mmol
m™3. Although the RMSD reaches 8.44 mmol m~3, the ob-
servational dataset is characterised by exceptionally high
variability, with a coefficient of variation of 312.3%. The
corresponding RSR value of 0.88 demonstrates that model
errors remain lower than the overall variability of the ob-
servations.

The spatial distribution of correlation coefficients (Fig-
ure 14) indicates relatively homogeneous model perfor-
mance throughout the study area. In contrast to phos-
phates and silicates, no extensive regions of systematically
low correlation are observed. Most monitoring stations
exhibit moderate to good agreement between modelled
and observed nitrate concentrations, suggesting that the
model successfully reproduces the dominant processes
controlling nitrate transport and transformation.

The relatively high variability of nitrate concentrations
reflects strong seasonal cycles associated with winter accu-
mulation, spring phytoplankton uptake, and local riverine
inputs. These processes generate large concentration gra-
dients that are difficult to reproduce precisely in regional
ecosystem models. Nevertheless, the spatial distribution
of correlation coefficients confirms that the model cap-
tures the principal temporal and spatial patterns of nitrate
variability across the southern Baltic Sea.

Taken together, the results indicate that the 3D CEMBS-
PolSea model provides a realistic representation of nitrate
dynamics and successfully reproduces the major mecha-
nisms governing nitrogen cycling in the analysed region.

3.1.6 Validation summary

The validation results demonstrate that the 3D CEMBS-
PolSea model successfully reproduces the principal spatial
and temporal patterns of variability of the analysed bio-
geochemical parameters in the southern Baltic Sea. The
assessment was based on comparisons with ICES obser-
vational datasets and included both statistical indicators
(Table 1) and the spatial distribution of correlation coef-
ficients (Figures 9-14). To support the interpretation of
RMSD values, additional normalised statistics were cal-
culated, including bias, normalised RMSE (nRMSE), the
RMSE-observation standard deviation ratio (RSR), and the
coefficient of variation (CV). Additional normalised perfor-
mance metrics are presented in Table 2.

The highest model performance was obtained for dis-
solved oxygen. Pearson correlation coefficients reached
0.87 for the ICES Low Resolution dataset and 0.72 for the
ICES High Resolution dataset (Table 1). The corresponding
RSR values were 0.54 and 0.72, indicating that model er-
rors remained substantially lower than the natural variabil-
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ity of the observations (Table 2). Spatial correlation maps
(Figures 9-10) show consistently high agreement across
most of the model domain, confirming that the model ade-
quately reproduces the physical and biogeochemical pro-
cesses controlling oxygen dynamics in the southern Baltic
Sea.

For nutrients, correlation coefficients ranged between
0.60 and 0.68 (Table 1). Phosphates and silicates exhib-
ited the highest agreement among the analysed nutrients
(r=0.65 and r = 0.68, respectively). The spatial distribu-
tion of correlation coefficients (Figures 12-13) reveals
a clear contrast between offshore and coastal regions.
Higher correlations were generally observed in open-sea
areas, whereas lower correlations occurred in coastal wa-
ters affected by riverine inflows, particularly in the Gulf
of Gdansk, Puck Bay, the Pomeranian Bay, and near the
mouths of the Leba and Stupia rivers. These discrepan-
cies most likely reflect uncertainties.in riverine nutrient
loads and the strong short-term variability characteristic
of estuarine and coastal environments.

For nitrate concentrations, the model achieved a cor-
relation coefficient of r=0.60 (Table 1) despite the ex-
ceptionally high variability of the observational dataset
(CV =312.3%) (Table 2). The spatial distribution of cor-
relations (Figure 14) indicates relatively homogeneous
model performance across the study area, without exten-
sive regions of systematically poor agreement. This sug-
gests that the model captures the dominant mechanisms
governing nitrate transport and transformation despite
difficulties associated with reproducing extreme concen-
tration values.

The lowest correlation was obtained for chlorophyll a
(r=0.57) (Table 1). However, chlorophyll a was also char-
acterised by very high observational variability
(CV=109.9%) (Table 2), reflecting the episodic and highly
localised nature of phytoplankton blooms. The spatial dis-
tribution of correlation coefficients (Figure 11) indicates
generally better model performance in offshore waters
than in coastal regions. Lower correlations observed in
nearshore areas are likely related to rapidly changing en-
vironmental conditions, local nutrient inputs, and short-
term bloom events that remain difficult to resolve even in
high-resolution ecosystem models.

The interpretation of RMSD values should be consid-
ered in relation to the natural variability of the analysed pa-
rameters. Additional normalised skill metrics indicate that
the coefficients of variation of the observational datasets
reached 109.9% for chlorophyll a, 123.8% for phosphate,
and 312.3% for nitrate concentrations (Table 2). Conse-
quently, relatively large RMSD values (Table 1) partly re-
flect the broad range of environmental conditions occur-
ring within the study area rather than solely model defi-
ciencies. The calculated RSR values range from 0.54 to
0.88 (Table 2), indicating that model errors remain lower
than the standard deviation of observations for all anal-
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Figure 15. Locations of stations selected for comparison of 3D CEMBS-PolSea model results with satellite data for

chlorophyll a concentration.

ysed variables.

Overall, the validation results indicate that the 3D
CEMBS-PolSea model successfully reproduces the major
spatial and temporal patterns of variability of dissolved
oxygen, chlorophyll a, phosphates, silicates, and nitrates in
the southern Baltic Sea. Although larger discrepancies oc-
cur in some coastal regions and for highly variable biologi-
cal parameters, the obtained performance is comparable
with that reported for regional biogeochemical ecosystem
models operating in the Baltic Sea and other coastal shelf-
sea environments. The model therefore provides a suitable
tool for ecosystem analysis, environmental assessment,
and operational forecasting applications.

3.2 Method of comparison with satellite data

To assess the agreement between model results and satel-
lite observations, a comparative analysis was conducted
for the period 01.01.2022-31.12.2024. For this purpose,
12 control points were selected within the model domain
in a manner ensuring representation of both coastal areas
and more open-sea regions of the southern Baltic Sea (see
Figure 15).

The 12 control points selected for the analysis were
distributed across the entire model domain in order to rep-
resent different types of hydrological environments in the
southern Baltic Sea. Some stations are located in coastal re-
gions, particularly near the Pomeranian coast and in areas
influenced by riverine inputs, where chlorophyll a concen-
trations exhibit high spatial and temporal variability. The
remaining points are located in more open-sea regions,
where environmental conditions are more homogeneous
and variability of biogeochemical parameters is generally
lower.

Such a distribution of points allows for the assessment

of model performance both in dynamic coastal environ-
ments and in more stable open-sea conditions. In partic-
ular, nearshore stations enable the analysis of local pro-
cesses such as riverine nutrient inputs and enhanced hy-
drodynamic variability, while offshore stations allow eval-
uation of the model’s ability to reproduce chlorophyll a
variability at a regional scale.

At the selected points, total chlorophyll a concentra-
tions from satellite data were compared with modelled
values computed as the sum of chlorophyll associated with
three phytoplankton groups. It should be emphasised that,
unlike the model, which provides daily output, satellite
data are not available for all days of the analysed period.
This limitation is mainly due to cloud cover, which pre-
vents ocean colour observations in the visible spectrum,
as well as other factors affecting data quality. As a result,
the number of available satellite scenes at the analysed
points over the three-year period ranges from 129 to 213
days, depending on the location.

To provide a more comprehensive assessment of model
performance, two sets of statistical indicators were calcu-
lated. Table 3 presents the basic descriptive and compara-
tive statistics, including the number of observations (N),
mean values, standard deviations (STD), root mean square
deviation (RMSD), and Pearson correlation coefficients
(r). Table 4 complements this analysis with additional per-
formance metrics, including bias, normalised root mean
square error (nRMSE), the RMSE-observation standard
deviation ratio (RSR), and coefficients of variation (CV) for
both satellite observations and model results. These indi-
cators allow model performance to be evaluated in relation
to the natural variability of chlorophyll a concentrations
and provide a more robust interpretation of the agreement
between simulations and observations.
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Table 3. Statistical comparison of surface chlorophyll a (CHL) concentrations from the 3D CEMBS-PolSea model with

available satellite observations.

Station N Mean value STD Satellite vs
number [mg m~3] [mg m~3] model

Satellite Model Satellite Model RMSD [mg m~3] r
1 213 2.18 2.63 1.74 1.61 1.61 0.54
2 165 1.28 1.75 1.12 1.38 1.14 0.60
3 129 1.14 1.43 1.01 0.85 1.02 0.41
4 185 2.43 2.60 3.39 1.71 2.64 0.64
5 201 1.71 2.05 1.17 1.01 1.14 0.46
6 189 1.72 1.94 1.34 1.02 1.35 0.37
7 172 1.44 1.54 1.37 0.97 1.14 0.57
8 170 1.52 1.81 1.33 1.15 1.16 0.57
9 143 1.31 1.57 0.93 0.79 1.01 0.32
10 137 1.66 1.85 1.25 0.87 1.30 0.29
11 146 1.24 1.50 0.89 0.80 1.01 0.29
12 132 1.74 1.85 1.34 0.97 1.26 0.45
All stations
2022-2024 1981 1.63 1.92 1.35 1.20 1.27 0.51

Table 4. Additional statistical performance metrics for
the comparison of surface chlorophyll a concentrations
from the 3D CEMBS-PolSea model and satellite observa-
tions, including bias, normalized RMSE (nRMSE), RMSE-
observation standard deviation ratio (RSR), and coeffi-
cients of variation (CV).

Station Bias CVsat[%] CVmod [%] nRMSE[%] RSR
number
All stations
2022-2024 029 828 62.5 779 094

Comparative analysis of all measurement points (1-12)
for the years 2022-2024, based on 1981 observations,
showed that the mean chlorophyll a concentration in satel-
lite data was 1.63 mg m~3, while the mean simulated by
the 3D CEMBS-PolSea model was 1.92 mg m~3. The result-
ing bias of 0.29 mg m~2 indicates a moderate tendency of
the model to overestimate chlorophyll a concentrations
relative to satellite observations.

The coefficient of variation (CV) reached 82.8% for
the satellite observations and 62.5% for the model results,
indicating a high level of natural spatial and temporal vari-
ability in chlorophyll a concentrations across the southern
Baltic Sea. The lower CV obtained for the model suggests
that the simulated chlorophyll a field is smoother and ex-
hibits slightly reduced variability compared to the obser-
vations.

The root mean square deviation (RMSD) between satel-
lite and model data was 1.27 mg m~3. When normalised
by the mean observed concentration, the nRMSE reached
77.9%. However, the RSR value was 0.94, indicating that
the model error remains lower than the standard deviation
of the observations. This suggests that the model retains
predictive skill and reproduces a substantial part of the
observed variability despite the large natural variability of

chlorophyll a concentrations.

The Pearson correlation coefficient (r) reached 0.51,
indicating a moderate positive relationship between model
results and satellite observations. Correlation coefficients
at individual stations ranged from 0.29 to 0.64, demon-
strating that the model captures the general temporal vari-
ability of chlorophyll g, although its performance differs
among locations.

Overall, the results indicate that the 3D CEMBS-PolSea
model is capable of reproducing the main spatial and tem-
poral patterns of surface chlorophyll a variability in the
southern Baltic Sea. The remaining discrepancies are likely
related to the high natural variability of chlorophyll a con-
centrations, limitations of satellite-derived products, and
differences between model representation and observa-
tion sampling.

3.2.1 Interpretation of results

The statistical comparison between the 3D CEMBS-PolSea
model and satellite-derived chlorophyll a concentrations
indicates a moderate agreement between the two datasets.
The model exhibits a positive bias of 0.29 mg m~3, sug-
gesting a tendency to slightly overestimate chlorophyll a
concentrations relative to satellite observations. The co-
efficient of variation of the satellite observations reaches
82.8%, confirming the high natural temporal and spatial
variability of chlorophyll a in the southern Baltic Sea. The
corresponding value for the model is lower (62.5%), indi-
cating that the simulated chlorophyll a field is smoother
and exhibits reduced variability compared to the observa-
tions.

Although the normalised root mean square error
(nRMSE) reaches 77.9%, the RMSE-observation standard
deviation ratio (RSR) equals 0.94, indicating that the model
error remains lower than the standard deviation of the ob-
servations. This suggests that the model retains predictive
skill and reproduces a substantial fraction of the observed
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Figure 16. Mean monthly concentrations of dissolved oxygen [mmol m~3] at the surface derived from the 3D CEMBS-

PolSea model simulations for the years 2022-2025.

variability despite the complexity of the ecosystem pro-
cesses and the limitations of satellite observations. The
Pearson correlation coefficient (r = 0.51) further demon-
strates that the model captures the general temporal vari-
ability of chlorophyll a concentrations, although differ-
ences remain in the magnitude and timing of individual
bloom events.

The analysis of chlorophyll a time series at selected
locations indicates that the model generally tends to con-
verge toward values derived from satellite observations.
The results demonstrate a progressive adjustment of the
simulated chlorophyll a field toward the observed patterns,
particularly during periods of enhanced phytoplankton
bloom activity. Overall, the model reproduces the seasonal
variability of chlorophyll a concentrations reasonably well,
although discrepancies between simulated and observed
values remain at individual time steps.

It should be emphasised that the data assimilation ap-
proach implemented in the 3D CEMBS-PolSea model does
not involve direct fitting of model outputs to observations.
Instead, observational information is incorporated grad-
ually through small corrections distributed over multiple
time steps. This approach preserves the internal consis-
tency of the model equations and maintains the balance
between physical and biogeochemical processes. Conse-
quently, the model is not expected to reproduce satellite-

derived chlorophyll a values exactly at every time step, but
rather to progressively adjust its state toward the observed
conditions.

Additional uncertainty is associated with the compari-
son between model simulations and satellite-derived chlo-
rophyll a observations. As discussed in Section 2.4.2, satel-
lite products represent an optically weighted signal orig-
inating from the upper illuminated part of the water col-
umn rather than chlorophyll concentrations within a sin-
gle model layer. Consequently, part of the discrepancy
between model results and observations may arise from
differences in the vertical representation of chlorophyll
a in the observational and modelling systems. This ef-
fect is likely to be most pronounced during stratified peri-
ods, when subsurface chlorophyll maxima may contribute
to the satellite signal while remaining only partially rep-
resented in the near-surface model layer. Furthermore,
satellite-derived chlorophyll a products are affected by
cloud cover,; uncertainties in atmospheric correction, wa-
ter turbidity, and suspended particulate matter, all of which
contribute additional uncertainty to the comparison.

3.3 Mean monthly values of modelled biogeochemical
parameters

This chapter presents mean monthly concentrations of the

analysed biogeochemical parameters, i.e. dissolved oxy-
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Figure 17. Mean monthly chlorophyll a concentrations [mg m~3] at the surface derived from the 3D CEMBS-PolSea

model simulations for the years 2022-2025.

gen (0,), chlorophyll a (CHL), phosphates (PO,), silicates
(Si03), and nitrates (NO3). The data reflect seasonal vari-
ability in the surface layer of the 3D CEMBS-PolSea model
over a four-year simulation period from 1 January 2022 to
31 December 2025.

3.3.1 Oxygen (03)

The seasonal variability of dissolved oxygen concentra-
tion in the surface layer is controlled by both physical and
biological factors. The most important include water tem-
perature, gas exchange with the atmosphere, and primary
production processes associated with phytoplankton activ-
ity. During the analysed period (2022-2025), the highest
mean monthly oxygen concentrations in the surface layer
occur in the winter-spring period. This is associated with
lower water temperatures, which increase oxygen solu-
bility, as well as the onset of the phytoplankton growth
season (see Figure 16).

The highest mean oxygen concentrations in the mod-
elled domain occur in the spring months. In March, the
mean value reaches 392.79 mmol m~3, while in April itis
392.74 mmol m~3. During this period, maximum spatial
values reach approximately 429.91 mmol m~3 and 411.50
mmol m~3, respectively.

In the following months, as water temperature in-
creases during the summer period, a gradual decrease

in mean oxygen concentration in the surface layer is ob-
served. The lowest values occur in late summer and early
autumn. The minimum mean monthly value was recorded
in September and amounted to approximately 290.86 mmol
m~3, with minimum spatial values reaching about 214.49
mmol m~3,

During the autumn and winter months, a renewed in-
crease in oxygen concentration in the surface layer is ob-
served, associated with decreasing water temperature and
intensified vertical mixing of the water column. This en-
hanced mixing is driven by surface cooling and increased
wind stress. In December, the mean oxygen concentration
reaches 346.67 mmol m~3, while maximum values in the
model domain reach approximately 383.17 mmol m~3.

The obtained seasonal oxygen pattern is consistent
with the general processes observed in the Baltic Sea and
reflects the influence of water temperature and the sea-
sonal dynamics of primary production on the variability
of oxygen concentrations in the surface layer.

Detailed monthly data are presented in Table 5.

3.3.2 Chlorophyll a (CHL)

Chlorophyll a is widely used as an indicator of phytoplank-
ton biomass and the intensity of primary production in
marine environments. In the 3D CEMBS-PolSea model,
phytoplankton is represented by three functional groups:
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Table 5. Summary of mean monthly dissolved oxygen (0,) concentrations in the surface layer. Model data from the 3D

CEMBS-PolSea for the years 2022-2025.

[mmol m~3] 1 11 I v \' VI VII VIII IX X XI XII

MAX 40491 41266 42991 41150 374.25 32834 319.04 321.13 305.55 32231 346.78 383.17
MEAN 366.18 379.60 392.79 392.74 357.40 316.88 298.78 29191 290.86 30493 32295 346.67
MIN 25234 25130 240.12 23437 237.14 23799 23143 22384 21449 22144 21648 211.55

Table 6. Summary of mean monthly chlorophyll a (CHL) concentrations in the surface layer. Model data from the 3D

CEMBS-PolSea for the years 2022-2025.

[mmol m~3] I II I v \' VI VII VIII IX X XI XII
MAX 1.43 3.18 10.23 14.55 13.49 17.31 17.33 16.18 14.30 10.86 8.34 3.20
MEAN 0.23 0.45 2.18 3.10 0.98 0.94 1.84 2.42 1.86 1.15 0.76 0.32
MIN 0.15 0.21 0.68 0.80 0.26 0.33 1.01 1.60 1.45 0.72 0.38 0.19

small phytoplankton (nano- and picoplankton), large phy-
toplankton mainly represented by diatoms, and nitrogen-
fixing cyanobacteria. The growth of each group is con-
strained by nutrient availability (nitrogen, phosphorus,
and silicon - only for diatoms), temperature, and light con-
ditions. The seasonal variability of chlorophyll a concentra-
tion in the model surface layer reflects the typical cycle of
primary production in the Baltic Sea (see Figure 17). The
lowest mean values occur during winter months, when
solar radiation is weak and light conditions limit phyto-
plankton growth.

In the analysed period, the lowest mean monthly chloro-
phyll a concentration was observed in January, with an av-
erage domain value of 0.23 mg m~3 and minimum spatial
values of approximately 0.15 mg m~3. With the onset of
spring, a rapid increase in chlorophyll a concentration is
observed, associated with the spring phytoplankton bloom
dominated by diatoms. The highest mean values occur in
April, when chlorophyll a reaches 3.10 mg m~3 on average,
while maximum domain values reach approximately 14.55
mg m~3. High concentrations are also observed in March,
with a mean value of about 2.18 mg m~3.

After the spring bloom, chlerophyll a concentrations
decrease due to nutrient depletion in the euphotic zone.
During summer, a secondary increase in chlorophyll a
is observed, driven by the development of cyanobacte-
ria, which can grow under low nitrate conditions due to
their ability to fix atmospheric nitrogen. In the analysed
period, the highest maximum spatial values in summer
months exceed 17 mg m™~3, indicating localised cyanobac-
terial blooms in combination with nitrate limitation. In the
following autumn months, chlorophyll a concentrations
gradually decrease as temperature declines and light avail-
ability diminishes. In December, the mean domain value is
0.32 mg m~3, marking a return to winter conditions.

The spatial distribution of chlorophyll a also indicates
variability within the model domain. The highest concen-
trations typically occur in coastal zones, where the avail-
ability of biogenic substances is enhanced due to river-

ine inputs and intensified mixing processes. In the more
open sea areas, chlorophyll a concentrations are generally
lower and exhibit reduced spatial variability. The obtained
seasonal pattern of chlorophyll a variability is consistent
with the typical primary production cycle observed in the
Baltic Sea, including the spring diatom bloom and summer
cyanobacterial development.
Detailed monthly data are presented in Table 6.

3.3.3 Phosphates (PO,)

Phosphates are one of the fundamental nutrients regu-
lating primary production in the Baltic Sea. Unlike nitro-
gen, which under certain conditions can be supplemented
through atmospheric nitrogen fixation by cyanobacteria,
phosphorus remains a limiting element for the growth of
all phytoplankton groups. As a result, its concentration in
the euphotic layer is strongly controlled by primary pro-
duction intensity and the seasonal dynamics of the phyto-
plankton biological cycle.

The analysis of mean monthly phosphate values (see
Figure 18) in the surface layer of the 3D CEMBS-PolSea
model for the period 2022-2025 shows a distinct seasonal
variability of this parameter. The highest mean values oc-
cur in winter months, when biological activity is limited
and vertical mixing processes transport nutrients from
deeper layers into the surface waters.

During the analysed period, the highest mean monthly
phosphate concentration was recorded in February, with
a domain-averaged value of 0.92 mmol m~3 and maxi-
mum spatial values reaching approximately 1.43 mmol
m~3. With the onset of spring and the intensification of
phytoplankton growth, a clear decline in phosphate con-
centrations in the surface layer is observed. This process
begins in March and reaches its minimum during sum-
mer. The lowest mean phosphate values occur in August,
when the domain-averaged concentration decreases to ap-
proximately 0.45 mmol m~3, with minimum spatial values
around 0.12 mmol m~3. Low phosphate concentrations
during this period are directly associated with its intensive
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Figure 18. Mean monthly phosphate concentrations [mmol m~3] at the surface derived from the 3D CEMBS-PolSea

model simulations for the years 2022-2025.

uptake by phytoplankton (mainly cyanobacteria) during
bloom events.

In the autumn months, phosphate concentrations in
the surface layer increase again. This is linked to decreas-
ing water temperature and intensified vertical mixing pro-
cesses, which transport nutrients from deeper layers of
the water column into the surface layer. In November, the
mean phosphate concentration increases to approximately
0.74 mmol m™3, reaching 0.84 mmol m~2 in December. The
seasonal amplitude of mean phosphate values during the
analysed period is approximately 0.47 mmol m~3, reflect-
ing the strong influence of primary production dynamics
on the phosphorus balance in the euphotic zone.

The spatial distribution analysis also indicates consid-
erable variability of phosphates within the model domain.
In some months, local maximum values exceed 1.7 mmol
m~3, indicating areas of elevated concentrations of this
nutrient. Higher phosphate levels are typically observed
in coastal regions and in areas influenced by riverine in-
puts, where the transport of biogenic substances from land
constitutes an important source of phosphorus.

The obtained seasonal pattern of phosphate variability
is consistent with general processes observed in the Baltic
Sea. The decline in concentrations during the spring-sum-
mer period is associated with intense primary production
and phytoplankton uptake of phosphorus, whereas the

increase during the autumn-winter period results from
vertical mixing of the water column and regeneration of
biogenic substances through organic matter mineralisa-
tion.

Detailed monthly data are presented in Table 7.

3.3.4 Silicates (SiO3)

Silicates are one of the key nutrients in the Baltic Sea ecosys-
tem, as they are an essential element for the construction
of silica shells of diatoms. Unlike many other phytoplank-
ton groups, whose growth is mainly limited by nitrogen
and phosphorus availability, diatom development also de-
pends on the availability of dissolved silica in seawater.
As a result, the seasonal variability of silicate concentra-
tion in the euphotic zone is strongly linked to the primary
production cycle and the intensity of the spring diatom
bloom.

The analysis of mean monthly silicate values in the
surface layer of the 3D CEMBS-PolSea model for the pe-
riod 2022-2025 shows a clear seasonal variability of this
parameter (see Figure 19). The highest mean values oc-
cur in winter and early spring, when biological activity is
still limited and vertical mixing of the water column sup-
plies nutrients accumulated in deeper layers to the surface.
During the analysed period, the highest mean silicate con-
centrations are observed in February and December, when
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Table 7. Summary of mean monthly phosphate (PO,) concentrations in the surface layer. Model data from the 3D

CEMBS-PolSea for the years 2022-2025.

[mmol m™3] I 11 I v \' VI VII VIII IX X XI XII
MAX 1.45 1.43 0.95 0.83 0.96 1.05 1.71 0.95 0.76 0.83 1.12 1.22
MEAN 0.86 0.92 0.81 0.60 0.57 0.59 0.54 0.45 0.47 0.61 0.74 0.84
MIN 0.59 0.66 0.42 0.08 0.12 0.26 0.30 0.12 0.09 0.18 0.26 0.39

Table 8. Summary of mean monthly silicate (SiO3) concentrations in the surface layer. Model data from the 3D CEMBS-

PolSea for the years 2022-2025.

[mmol m™3] 1 11 111 v \' VI VIl VIII IX X XI X1

MAX 32.55 34.13 29.12 27.34 24.95 25.67 23.62 25.03 24.14 24.81 25.55 24.87
MEAN 12.14 12.45 11.06 8.23 8.17 8.85 9.18 9.32 9.32 10.29 11.33 12.15
MIN 8.84 9.51 7.83 3.70 3.16 4.10 5.57 6.73 7.15 7.87 8.25 8.84
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Figure 19.
simulations for the years 2022-2025.

the domain-averaged values reach approximately 12.45
mmol m~3 and 12.15 mmol m~3, respectively.

With the onset of the phytoplankton growth season,
a gradual decline in surface silicate concentrations is ob-
served. This process begins in March, when the spring
diatom bloom develops and actively consumes silica for
the formation of their cellular structures. In the following
spring months, silicate concentrations remain at a lower
level. The lowest mean values are recorded in April, when
the average concentration decreases to approximately 8.23

Mean monthly silicate concentrations [mmol m~3] at the surface derived from the 3D CEMBS-PolSea model

mmol m~3, with minimum spatial values reaching about
3.70 mmol m~3.

During summer, silicate concentrations remain rela-
tively stable, with mean values around 9-9.3 mmol m~3.
This is associated with reduced diatom productivity and
the dominance of other phytoplankton groups, such as
cyanobacteria. In autumn, a gradual increase in silicate
concentrations in the surface layer is observed, driven by
vertical mixing processes and the regeneration of nutrients
within the water column.
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Table 9. Summary of mean monthly nitrate (NO3) concentrations in the surface layer. Model data from the 3D CEMBS-

PolSea for the years 2022-2025.

[mmol m~3] I 11 I v \' VI VIl VIII IX X XI XII

MAX 121.88 159.01 133.15 67.79 16.94 9.92 9.15 9.42 12.25 24.69 47.4 62.73
MEAN 7.97 9.60 8.03 2.19 0.08 0.03 0.06 0.33 1.11 2.80 4.75 6.65
MIN 6.28 6.52 1.62 0 0 0 0 0 0 0.04 0.84 1.65
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Figure 20. Mean monthly nitrate concentrations [mmol m~3] at the surface derived from the 3D CEMBS-PolSea model

simulations for the years 2022-2025.

The seasonal amplitude of mean silicate values during
the analysed period is approximately 4.2 mmol m~3, indi-
cating a moderate seasonal variability of this parameter in
the surface layer. The analysis of the spatial distribution
of silicate concentrations also reveals considerable vari-
ability within the model domain. In some months, local
maximum values exceed 30 mmol m~3, indicating areas
with significantly elevated nutrient concentrations. Such
high values may be associated with riverine inputs as well
as regeneration processes of silica resulting from the de-
composition of organic matter.

The obtained seasonal pattern of silicate variability is
consistent with the typical biogeochemical cycle observed
in the Baltic Sea. Higher winter and early spring concen-
trations result from limited phytoplankton uptake and ver-
tical mixing of the water column, whereas the decline in
spring is directly linked to the intensive consumption of

silicates during the diatom bloom. Detailed monthly data
are presented in Table 8.

3.3.5 Nitrates (NO3)

Nitrates are one of the main nitrogen sources for phyto-
plankton and play a key role in regulating primary produc-
tion in the Baltic Sea. In the euphotic layer, their concen-
tration is strongly controlled by the seasonal dynamics of
phytoplankton development and vertical mixing processes
in the water column. During periods of intense primary
production, nitrates are rapidly consumed by phytoplank-
ton, whereas in the autumn-winter period their surface-
layer stocks are replenished through vertical mixing and
the input of nutrients from deeper water layers. The anal-
ysis of mean monthly nitrate values in the surface layer
of the 3D CEMBS-PolSea model for the period 2022-2025
shows a very pronounced seasonal variability of this pa-
rameter. The highest mean values occur in winter and
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early spring, before the onset of the intensive phytoplank-
ton growth season (see Figure 20). During the analysed
period, the highest mean monthly nitrate concentration
was recorded in February, with a domain-averaged value
0f 9.60 mmol m~2 and maximum spatial values exceeding
159 mmol m~3. High mean values are also observed in Jan-
uary and March, when concentrations reach approximately
7.97 mmol m~3 and 8.03 mmol m~3, respectively. With the
onset of the spring phytoplankton bloom, a rapid decline
in nitrate concentrations in the surface layer is observed.
Intensive nitrogen uptake by developing phytoplankton
leads to near-complete depletion of nitrate stocks in the
euphotic zone during late spring and summer. The lowest
mean values occur in June, when the domain-averaged con-
centration drops to approximately 0.03 mmol m~3. During
summer months, minimum values in many parts of the
model domain reach 0 mmol m~3, indicating complete ni-
trate exhaustion in the surface layer. In the second half
of the year, a gradual increase in nitrate concentrations
in the surface layer is observed. This process begins in
September, when autumn storms and intensified vertical
mixing transport nitrates from deeper layers toward the
surface. In October, the mean concentration increases to
approximately 2.80 mmol m~3, followed by a continued
systematic increase throughout the autumn-winter period.
The seasonal amplitude of mean nitrate values during the
analysed period is very large, at approximately 9.57 mmol
m~3, reflecting the strong influence of seasonal primary
production on the nitrogen balance in the euphotic layer.

The spatial distribution analysis of nitrate concentra-
tions indicates a very high variability within the model do-
main. In some regions, maximum values exceed 100 mmol
m~3, which is associated with high nitrate concentrations
in deeper water layers as well as local hydrodynamic pro-
cesses. The highest nitrate concentrations in the water
column are typically observed at greater depths (below
approximately 60 m), where dissolved inorganic nitrogen
accumulates as a result of organic matter decomposition.

The obtained seasonal pattern of nitrate variability is
consistent with the typical biogeochemical cycle observed
in the Baltic Sea. High winter and early spring concentra-
tions result from limited biological production and inten-
sified vertical mixing, whereas the sharp decline in spring
is directly linked to intensive nitrogen uptake during phy-
toplankton blooms.

Detailed monthly data are presented in Table 9.

4. Discussion

The validation results demonstrate that the 3D CEMBS-
PolSea biogeochemical model is capable of reproducing
the major spatial and temporal patterns of biogeochemical
variability in the southern Baltic Sea. The highest agree-
ment between simulations and observations was obtained
for dissolved oxygen, with correlation coefficients reach-
ing 0.87 for the ICES Low Resolution dataset and 0.72 for
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the ICES High Resolution dataset. These results indicate
that the model realistically represents the combined in-
fluence of physical transport, vertical mixing, biological
production, and respiration processes that control oxygen
dynamics in the Baltic Sea.

The validation of nutrient concentrations revealed mod-
erate to good agreement between model results and obser-
vations. Correlation coefficients for phosphates, silicates,
and nitrates ranged from 0.60 to 0.68, indicating that the
model captures the dominant mechanisms controlling nu-
trient cycling and transport within the study area. Lower
performance observed in coastal regions is likely associ-
ated with uncertainties in riverine nutrient loads, highly
variable hydrological conditions, and local-scale processes
that are difficult to resolve even with high-resolution nu-
merical models.

The interpretation of model skill should also consider
the substantial natural variability of biogeochemical pa-
rameters in the Baltic Sea. While some variables exhibit
relatively high RMSD values, the observational datasets
themselves are characterised by very large coefficients of
variation, particularly for nitrate, phosphate, and chloro-
phyll a concentrations. The coefficient of variation reaches
109.9% for chlorophyll a, 123.8% for phosphate, and
312.3% for nitrate observations. Such variability reflects
strong seasonal cycles, vertical gradients, riverine influ-
ences, and local biological processes characteristic of the
southern Baltic Sea.

To provide a more robust assessment of model per-
formance, additional normalised skill metrics were cal-
culated, including bias, normalised RMSE (nRMSE), the
RMSE-observation standard deviation ratio (RSR), and the
coefficient of variation (CV). The RSR values range from
0.54 for dissolved oxygen to 0.88 for nitrate in the ICES
dataset and reach 0.94 for the comparison with satellite-
derived chlorophyll a concentrations. According to the
model evaluation guidelines proposed by Moriasi et al.
(2007), the obtained RSR values are higher than those
typically considered satisfactory in hydrological applica-
tions. However, these criteria were developed for water-
shed models and may be overly restrictive when applied
to highly variable marine biogeochemical variables.

Therefore, the RSR values should be interpreted in the
context of the variability of the observational datasets. In
all analysed cases, model errors remain comparable to or
lower than the standard deviation of the observations, in-
dicating that the model reproduces a substantial fraction
of the observed variability. Consequently, RMSD values
should not be interpreted independently of observational
variability. The obtained results indicate that the model re-
tains predictive skill despite the complexity of the analysed
biogeochemical processes and the uncertainties associated
with both in situ and satellite observations.

The lowest correlation was obtained for chlorophyll
a concentration (r = 0.51). However, this result remains
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within the range commonly reported for regional biogeo-
chemical ecosystem models operating in coastal and shelf-
sea environments (Daewel and Schrum, 2013; Eilola et al,,
2009; Meier et al., 2014). Chlorophyll a is characterised
by strong short-term and local variability driven by nu-
trient availability, light conditions, species composition,
and physical forcing. In coastal waters, rapid bloom devel-
opment and small-scale processes may further increase
discrepancies between model simulations and observa-
tions.

Additional uncertainty is associated with the compari-
son between model simulations and satellite-derived chlo-
rophyll a observations. As discussed in Section 3.2, satel-
lite products represent an optically weighted signal orig-
inating from the upper illuminated part of the water col-
umn rather than chlorophyll concentrations within a sin-
gle model layer. Consequently, part of the discrepancy
between model results and observations may arise from
differences in the vertical representation of chlorophyll a
in the observational and modelling systems, particularly
during stratified conditions when subsurface chlorophyll
maxima occur.

The assimilation experiment demonstrated that the
incorporation of satellite-derived chlorophyll a informa-
tion improves the representation of surface phytoplankton
dynamics while maintaining consistency with the inter-
nal physical and biogeochemical structure of the model.
Because the assimilation procedure applies gradual cor-
rections rather than direct replacement of model values,
the model state evolves toward the ‘observed conditions
while preserving the dynamical relationships among bio-
logical, chemical, and physical variables. This approach
reduces the risk of introducing artificial discontinuities
and maintains the stability of the modelling system.

The spatial distribution of correlation coefficients in-
dicates generally better model performance in offshore
regions than in coastal waters. This pattern is typical
of ecosystem models and reflects the greater complexity
of nearshore environments, where riverine inputs, sedi-
ment-water interactions, local circulation patterns, and
anthropogenic pressures exert a stronger influence on
biogeochemical conditions. Despite these challenges, the
model reproduces the observed variability of all analysed
parameters across most of the southern Baltic Sea domain.

Particular attention should be paid to the role of sili-
cates in shaping ecosystem functioning in the Baltic Sea.
Silicon availability directly influences the development of
diatoms, one of the dominant phytoplankton groups in
the region. Consequently, silicate concentrations affect
not only the magnitude of primary production but also
the structure of phytoplankton communities and nutrient
cycling pathways. The tendency of the model to under-
estimate higher silicate concentrations in some coastal
regions may indicate uncertainties in riverine silicon loads
or insufficient representation of local sediment processes.
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Further investigations of silicon dynamics may therefore
contribute to improving future model performance.

An important advantage of the developed system is
its operational implementation within the CSI-POM 2 plat-
form. Unlike many ecosystem models that remain primar-
ily research tools, the 3D CEMBS-PolSea model provides
continuously updated information that can support en-
vironmental monitoring, ecosystem assessment, marine
spatial planning, and decision-making processes. The in-
tegration of numerical modelling with satellite observa-
tions and operational environmental information services
bridges the gap between scientific research and practical
applications in marine management.

Future work will focus on further validation and refine-
ment of the biogeochemical module, improved estimates
of riverine nutrient loads, better representation of coastal
processes, and the implementation of advanced data as-
similation methods. These efforts are expected to enhance
both the predictive performance and the operational ap-
plicability of the 3D CEMBS-PolSea modelling framework.

5. Conclusions

The main conclusions of this study are as follows:

1. Ahigh-resolution three-dimensional biogeochemical
model (3D CEMBS-PolSea) was successfully devel-
oped and implemented for the southern Baltic Sea
within the CSI-POM 2 operational framework.

2. The model reproduces the major spatial and tem-
poral patterns of dissolved oxygen, chlorophyll q,
phosphate, silicate, and nitrate variability observed
in the southern Baltic Sea.

3. The highest validation performance was obtained
for dissolved oxygen, with correlation coefficients
reaching 0.87 (ICES Low Resolution) and 0.72 (ICES
High Resolution).

4. Nutrient concentrations were reproduced with mod-
erate to good agreement (r = 0.60 — 0.68), indicating
that the model captures the dominant mechanisms
governing nutrient cycling and transport.

5. Chlorophyll a simulations showed moderate agree-
ment with observations (r = 0.51), demonstrating
the capability of the model to reproduce the main fea-
tures of seasonal phytoplankton dynamics despite
the high natural variability of chlorophyll a concen-
trations and the limitations associated with satellite-
derived products.

6. Additional performance metrics, including bias,
nRMSE, RSR, and the coefficient of variation, indicate
that model errors remain comparable to or lower
than the variability of the observational datasets.

1449

1450

1451

1452

1453

1454

1455

1456

1457

1458

1459

1460

1461

1462

1463

1464

1465

1466

1467

1468

1469

1470

1471

1472

1473

1474

1475

1476

1477

1478

1479

1480

1481

1482

1483

1484

1485

1486

1487

1488

1489

1490

1491

1492

1493

1494

1495

1496

1497



1498

1499

1500

1501

1502

1503

1504

1505

1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1516

1517

1518

1519

1520

1521

1522

1523

1524

1525

1526

1527

1528

1529

1530

1531

1532

1533

1534

1535

1536

1537

1538

1539

1540

1541

1542

1543

1544

1545

Development and validation of the 3D CEMBS-PolSea biogeochemical model ...

These results confirm that the model retains pre-
dictive skill and reproduces a substantial fraction of
the observed environmental variability.

7. The assimilation of satellite-derived chlorophyll a
observations improves the representation of surface
phytoplankton dynamics and enhances the opera-
tional applicability of the modelling system.

8. The developed modelling framework provides a valu-
able tool for environmental monitoring, ecosystem
assessment, forecasting, and marine management in
Polish marine areas.
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