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A conceptual model framework
for integrating
monitored-unmonitored and
surface-subsurface flow
contributions to the Baltic Sea
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Understanding the total water flows and pollutant loads to the Baltic Sea
is important for effective coastal-marine ecosystem management. Current
assessments often overlook the unmonitored flows and submarine groundwater
discharge (SGD). This study proposes and outlines a conceptual modelling
framework for overcoming this common neglect by integrated quantification
of (1) the monitored surface water flows, and the unmonitored (2) surface
water flows and (3) SGD from land to the Baltic Sea. The study outlines
how unmonitored runoff and SGD can be estimated by various quantification
approaches based on commonly available hydro-climatic, hydrogeological,
and other characteristic catchment data. It also describes how modules for
the different monitored and unmonitored discharge components are linked
and should be integrated in modelling to total annual, seasonal, or finer-
resolved water flows to the Baltic Sea, and analogously also in other coastal
regions around the world. Though quantitative modelling remains ongoing, the
conceptualization opens pathways to improve assessments and management
of freshwater flows and associated pollutant loads to the Baltic Sea.

KEYWORDS

Baltic Sea, conceptual model, freshwater inflows, groundwater modelling,
regionalization, submarine groundwater discharge (SGD), unmonitored catchments,
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1 Introduction

The Baltic Sea is a unique marine ecosystem highly sensitive to changes in
water input from its surrounding catchment area (Saraiva et al, 2019). However,
the Baltic Sea is also highly susceptible to pollution and nutrient loading from its
extensive drainage basin, which includes numerous countries and diverse landscapes.
This pollution is intensified by both natural processes and anthropogenic activities,
leading to significant environmental concerns such as eutrophication and habitat
degradation (Reckermann et al.,, 2022; Vigouroux et al, 2021). To understand, predict
and control the major waterborne pollution from land to the Baltic Sea, it is
important to identify the pathways of the inland water to the sea and quantify the
water flow through them. The task is complex due to the varied sources and types
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FIGURE 1
The different monitored and unmonitored pathways of water from land to sea. Straight arrows at and across the coastline show monitored (blue) and
unmonitored (orange) freshwater discharges to the sea. Blue lines within the catchments show rivers and streams. Arrows within the catchments and at
the coastline show the diffuse groundwater flow field (modified from Destouni et al. (2008). Flow components include: Q,™—monitored river flow;
Q,“"—unmonitored portion of river flow from partly monitored catchments; Q_""-flow from completely unmonitored catchments; Qgp—submarine
groundwater discharge. All terms are defined in detail in Section 2.

of water discharge to the sea, including both monitored and
unmonitored flows (Figure 1).

Hydrological catchments of coastlines are often outside the
scope of the systematic monitoring that is usually conducted in
major rivers. The significance of these unmonitored flows has been
highlighted in previous studies, such as those by Hannerz and
Destouni (2006), who showed the extent of highly populated, even
though small, unmonitored coastal catchments, and Destouni et al.
(2008), which showed the substantial contributions from such
small unmonitored catchments to the overall nutrient and pollutant
loading of the Baltic Sea. These unmonitored areas, with their
commonly high population densities and significant agricultural
activities around the Baltic region, can disproportionately affect
coastal water quality. Spatial characterization of these catchments
must consider a complex interplay between land use, population
pressures, and hydrological responses, necessitating an integrated
approach to water management.

Hydrological monitoring often excludes smaller coastal
catchments, though these contribute significantly
(>10%) to pollutant loads entering the Baltic Sea
(Destouni et al.,, 2008; HELCOM, 2023). Moreover, submarine
groundwater discharge (SGD), the flow of water from land into the

even

ocean through the seabed, is often assessed separately from surface
water flows, despite its importance. This manuscript proposes
and outlines an integrated conceptual framework that combines
monitored flows, unmonitored runoff, and SGD to quantify total
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freshwater fluxes to the Baltic Sea, thereby addressing these
overlooked pathways. This approach facilitates future modelling
of pollutant loading and offers targeted management solutions.

2 Overview and description of the
conceptual model

2.1 Overview

The framework quantifies total water flows to the Baltic
Sea through two primary modules: the Monitored flow module
and the Unmonitored flow module, which encompass four
flow pathways (Figure 1):

1. Monitored river flows (Q,™)

2. Unmonitored part of the monitored river flow (Q,"™)
Entirely unmonitored river flow in the unmonitored
catchment (Q."™)

4. Unmonitored groundwater discharge (Qggp)

The two modules - Monitored flow module and Unmonitored
flow module - are explained in the following sections. Each
module addresses specific components of hydrological inputs
using various methodologies to ensure an overall assessment. The
methodologies and processes for each module are also elaborated
in the subsequent sections to provide a detailed understanding
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of the conceptual framework and its application to assessing the
hydrological contributions to the Baltic Sea. Figure 2 shows the
overall workflow for the conceptual framework.

2.2 Monitored flow module

The runoff from monitored areas to and through the streams and
rivers of coastal catchments is captured in regular river discharge
measurements and is termed monitored river flow (Q"). The average
runoff (R) per unit area of the contributing monitored catchment is
obtained using Equation 1, by dividing the measured discharge by
the contributing catchment area.

R=Q/A,, (1)

where A, is the catchment area that contributing water to the
monitored volumetric river flow (discharge, Q). The input data
needed for Equation 1 are summarized in Table 1. Catchment
area information covering the Baltic Sea drainage basin is
detailed in Hannerz and Destouni (2006). Associated monitored
river discharge data can be obtained from the measurement stations
operated by national meteorological and hydrological agencies (e.g.,
SMHI in Sweden, FMI in Finland) or global runoff databases like
the Global Runoff Data Centre (GRDC) and the Global Land Data
Assimilation System (GLDAS).

2.3 Unmonitored flow module

The unmonitored flow module addresses the runoff and
groundwater contributions that are not systematically measured.
This module comprises two submodules. The first submodule
calculates the unmonitored portion (Q,"™) of the river flow that
is partly monitored (with the monitored part being Q™). Often,
the monitoring stations are not located at the actual river discharge
points to the sea (i.e., they are not located at the coastline), leaving
a portion of the catchment, downstream of the Q,™ measurement
stations, unmonitored (i.e., a nearshore unmonitored segment) even
though the main river itself is measured further upstream. The
second submodule estimates the flow from entirely unmonitored
coastal catchments, which includes both unmonitored river flow
(Q."™) and SGD (Qggp) (Figure 1).

2.3.1 Unmonitored river flow

If a catchment is unmonitored, that is, without any systematic
monitoring of its stream and river flows, these flows and the
associated runoff need to be calculated in other ways, as do also the
nearshore unmonitored segment flows. This can be done through
regionalization approaches (transferring hydrological information
from monitored catchments to unmonitored catchments), deriving
statistical or machine-learning relationships from nearby or
analogous monitored catchments and applying these to the
unmonitored areas (He et al., 2011; Prieto et al., 2019). One of
the earliest applications of regression-based regionalization can be
traced back to (Nash, 1960), who derived empirical relationships
between unit hydrographs and various catchment characteristics.
Since then, numerous studies have expanded upon this approach to
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estimate rainfall-runoff model parameters and streamflow statistics
for unmonitored catchments. In this approach, the unmonitored
river/stream discharge Q; over an unmonitored catchment area or
catchment area part A can be modelled as a linear function of
precipitation (P;), temperature (T;), and a characteristic land use
factor (LU,) over that area (Equation 2).

Qi=a+pf *Pi+f,* T;+fy* LU+ (2)
where Q; is the discharge in the unmonitored stream/rivers or
stream/river parts of the unmonitored catchment (part) i, P; is the
mean precipitation, T; is the mean temperature, LU; is the land
use factor (e.g., fraction of agricultural or forested area) over the
area A, and o and P are catchment-characteristic coefficients
with relevant units for the equation result to yield the correct
resulting units of Q (volume of water per time). Depending on
data availability, additional parameters such as soil characteristics or
topographic indices can also be incorporated (Addor et al., 2017).

When data are scarce, a power-law relationship that links runoff
to the streams/rivers of the unmonitored catchment area (part) A, ;
can be used (Mazivanhanga et al., 2024) as in Equation 3.

Q= b, A° 3)

um—i
where Q; is the stream/river discharge in the unmonitored
catchment (part) i, A, ; is the corresponding catchment area, and
b and c are coefficients with relevant units for the equation result
to yield the correct resulting units of Q. Numerous studies indicate
that catchment area frequently is the principal explanatory variable
in both simple and multi-variate regression equations for streamflow
prediction (Kuentz et al, 2017; Westergard et al., 2004). This
approach remains popular because area data are readily obtainable
(from digital elevation models or published catchment boundary
maps), making Equation 3 an initial step in unmonitored catchment
hydrology. However, many of these studies emphasize that local
climatic conditions, geological heterogeneity, and land use factors
can alter the exponent a or require the inclusion of additional
parameters to improve predictive accuracy.

The equations (Equations 2, 3) can be calibrated using
observed values from nearby monitored catchments and validated
against an independent data subset to ensure generalizability
(Wagener et al., 2004). This often involves splitting the available
monitored catchments data into calibration and testing parts,
to ensure that the derived coefficients do not merely reflect
site-specific anomalies. Table 1 summarizes typical data needs,
including historical streamflow records, precipitation, temperature,
and catchment descriptors (land use proportions, slope, and
area). A key limitation lies in the assumption that relationships
calibrated at monitored sites transfer reliably to unmonitored
catchments. Additionally, localized factors such as variable soil
properties or extreme weather events can introduce further
uncertainties. Complementary use of machine-learning models,
such as random forests, can be used to improve performance
by capturing complex, nonlinear interactions (Asadollahi et al.,
2024). However, specific implementation details of such methods
lie beyond the scope of the current study. Regardless of the
chosen approach, updating the assessment of unmonitored river
flow with new data helps refine the accuracy of unmonitored
runoff estimates.
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FIGURE 2
Conceptual model workflow
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TABLE 1 Input data needed for calculating runoff from monitored and unmonitored catchments.

Module Data

Monitored river flow

Catchment area A, (m?)

10.3389/feart.2025.1601966

Description

Area of catchment draining to the monitored river part

Monitored river flow Q™ (m3/yea.r)

Annual average flow in the monitored river

Unmonitored stream/river flow and nearshore
unmonitored segment of the monitored river

Catchment area A, (m?)

Area of catchment draining to unmonitored
streams/rivers, or stream/river segment

Precipitation P (m/year)

Mean seasonal/annual precipitation over A,

Temperature T (°C)

Mean seasonal/annual temperature over A,

Land use factor (LU)

Fraction of agricultural, forest, urban, or other land
uses over A,

Other parameters

Optional descriptors such as soil type, slope, or
topographic indices over A,

Calibration data

Historical streamflow, precipitation, temperature, land
use records from nearby gauged (monitored)
catchments for regression and transferability to A,

Unmonitored — Submarine Groundwater Discharge
(SGD)*

Catchment area Aggp (m?)

Catchment area part contributing to SGD of the total
unmonitored area (A ) - and possibly to some degree
also of the monitored area (A,)

Precipitation P (m/year)

Mean seasonal/annual precipitation over Aggp

Evapotranspiration ET (m/year)

Mean seasonal/annual precipitation over Aggp

Surface water discharge Q¢ (m*/year)

Surface water discharge from A,

Aquifer property data Includes hydraulic conductivity (K), aquifer thickness,
layering, and porosity over Agsp
Heads/well data Groundwater levels (heads) in inland and coastal wells

within Aggp

Coastal boundary conditions

Considering the seasonal and tidal ranges of variations
in groundwater levels or flows at the inland boundary
of Aggp along with sea-level at the associated coastline
boundary

Tracer data (e.g., radium)

Sampled concentrations of tracer in groundwater
within Ay, and in the coastal waters receiving SGD
from the land area Aggp

“Typical input data needed for calculation of SGD for which parameters vary depending on the chosen method: basic water balance, simplified Darcy’s law, tracer techniques, or numerical

simulation, e.g., with MODFLOW.

2.3.2 Unmonitored SGD

Fresh groundwater that flows directly into the sea from the SGD-
contributing area part Aggp of the total unmonitored catchment
area (A,, above) - and possibly to some degree also of the
monitored area (A, above) - can substantially influence coastal
water budgets and nutrient transport (Santos et al., 2021). The total
SGD may be entirely fresh, partly saline, or recirculated seawater.
Multiple techniques exist for estimating SGD. Four commonly
applied methods are outlined here, each chosen to address varying
degrees of hydrogeological complexity, data availability, and spatial
scales typical of Baltic Sea catchments:

1. Basic water balance approaches
2. Simplified use of Darcy’s law

Frontiers in Earth Science

3. Tracer techniques
4. Numerical modelling, exemplified here by MODFLOW
(USGS, 2024).

The following sections describe these methods, and Table 1
outlines typical data requirements.

2.3.2.1 Basic water-balance approach

A simple method interprets the freshwater part of SGD as
the residual of a large-scale catchment water budget. The water
balance equation for a catchment to estimate SGD can be written
as (Burnett et al., 2006):

Qsgp-f/Asgp =P = ET = Qquil Agap 4

frontiersin.org
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where Qgqp ¢ is the freshwater part of total SGD, P is precipitation,

ET is evapotranspiration, and Q¢ is the surface water discharge,

sur!
e.g., with these fluxes regionally estimated or modelled, over the
SGD-contributing area Ag;p. Over a long time period, it may be
reasonable to assume that the water fluxes in Equation 4 are balanced
so that the average storage change (AS) is negligible. This approach
has been used in many studies estimating SGD at large scales
(Gwak et al., 2014; Russo et al., 2023). Its main advantage lies in
its simplicity and reliance on readily available hydro-climatic data,
making it especially suitable for preliminary assessments in data-
scarce regions. However, it has limitations when AS=0/for example,
due to transient pumping or seasonal and interannual variability.
Additional uncertainty arises when total SGD is required including
recirculated saline water in addition to the fresh groundwater
discharge from land (Burnett et al., 2006). In such cases, Equation 4
provides only an approximation, especially if the fresh groundwater
component it estimates is mistakenly interpreted as the total volume
of groundwater discharge to the sea (Taniguchi et al., 2003).

2.3.2.2 Simplified use of Darcy’s law

The rate of groundwater flow can be determined using Darcy’s
law, which states that the flux rate in some direction has a
direct linear relationship with the hydraulic gradient in that
direction (Whitaker, 1985). In simplified one-dimensional form
considering homogeneous aquifer conditions, Darcy’s law can be
written as Equation 5:

dh

q=-K=r (5)
where K is average hydraulic conductivity, h is average hydraulic
head, and dh/dL is the average hydraulic gradient over a
considered aquifer length L in the mean flow direction over
the SGD-contributing catchment area Ag;p. In practice, use of
this simplified form of the groundwater flow equation requires
appropriate averaging of aquifer property data from boreholes
or pumping tests, boundary conditions defining inland water
heads, including the coastal sea water levels, and the geometry
of the aquifer system. Use of this simplified flow equation can
offer a highly approximate flux estimate based on measured and
averaged hydrogeological parameters, with the commonly highly
heterogeneous hydrogeological conditions in real groundwater
systems, and the variable-density conditions over the fresh and salt
groundwater mixing zones in coastal regions, greatly complicating
the Darcy flow equation and its application. Where relevant data are
available, Darcy’s law can be applied, e.g., at small cross-sections or
extended regionally using 2D/3D numerical modelling, discussed
further below for the specific example of MODFLOW.

To obtain a volumetric flow rate from a given coastal aquifer
domain, the normal component of the Darcy flux (units of length per
unit cross-sectional area) needs to be integrated over the boundary
cross-sectional area I that interfaces with the sea:

Qsop = j (-KVhn)dr (6)
T

where n is the outward normal unit vector pointing from the
aquifer domain into the coastal water body and Vh is the
freshwater hydraulic head gradient in that direction. Physically,
this integral accumulates the product of hydraulic conductivity
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and head gradient perpendicular to the coastline (i.e., the normal
flux) over each differential interface area segment dI'. For realistic
groundwater system representation, quantification of Equation 6
requires numerical modelling to be solved, considering, e.g., time-
varying coastline boundary conditions (e.g., tides, waves, seasonal
sea-level changes) and because aquifer heterogeneity significantly
affects how groundwater flows in the aquifer and across its interface
with the sea.

In coastal settings, seawater intrusion causes mixed-density
flow that complicates SGD estimation (Burnett et al., 2006). Since
salt water is denser than freshwater, it alters hydraulic gradients and
drives density-driven circulation, making the standard uniform-
density assumption in Darcy’s law problematic. This can lead
to underestimation of total SGD and misrepresentation of its
freshwater component. Additionally, coastal aquifers are often
heterogeneous, with layered sediments, fractures, or karst conduits,
further limiting the reliability of simplified Darcy-based estimates.
While the method is straightforward and useful when sufficient
hydrogeological data is available, realistic SGD quantification
in such settings typically requires numerical modelling, as
discussed below.

2.3.2.3 Tracer techniques

Naturally occurring or introduced tracers (e.g., radon, radium
isotopes) can quantify SGD through mass balance considerations
for relating tracer inputs and outputs (Cho et al, 2018). The
concentration differences between fresh groundwater, coastal
waters, and open sea water can facilitate such mass balance-
based estimation of SGD and in some cases, may also differentiate
the fresh and saline contributions to the total SGD. Major data
needs include tracer sampling in fresh groundwater and coastal
water endmembers, as well as an understanding and appropriate
representation of coastal mixing processes. Tracer methods avoid
direct reliance on hydrogeological parameters such as K and aquifer
thickness. However, they require sufficient field sampling and often
assume quasi-steady mixing in the nearshore zone (Santos et al.,
2021). While powerful for detecting SGD hotspots, they may
pose logistical challenges and be cost-intensive for large-scale
applications.

The radium isotopes such as 223Ra, ***Ra, ?*°Ra and **®Ra are
effective tracers for SGD quantification because they are enriched
in groundwater relative to sea water. Thus, to estimate total SGD,
the mass balance approach can be used for radium isotopes in a
coastal water body. This involves considering inputs to the coastal
water from SGD and losses from the same water due to radioactive
decay. The general mass balance equation for radium in the coastal
water from the SGD-contributing coastal area Agg, along with
other possible sources can be expressed as Equation 7 (Garcia-
Orellana et al., 2021):

Input from SGD + Input from other sources-Decay-Outflow =0 (7)
Assuming steady state conditions and negligible other inputs
and outputs, the equation simplifies to just expressing the coastal
water balance of inputs from SGD and radioactive decay as

expressed in Equation 8:

QsgpCsgp —A Coeq V=0 (8)
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where Qq;p is the volumetric flow rate of SGD from A, (m*/day),
Cggp is the concentration of radium in submarine groundwater
(dpm/m?® or Bq/m®), X is the decay constant of the radium isotope
(day™), Cg,, is the concentration of radium in the coastal seawater
(dpm/m? or Bq/m?), and V is the volume of coastal water influenced
by SGD (m?). Rearranging the mass balance equation to solve for
Qqgp Yields (Equation 9):

ACsn V

CS GD

)

Qsep =

2.3.2.4 Numerical modelling
There are numerous numerical groundwater flow models, of

which MODFLOW is an illustrative example that can simulate
groundwater flow in three dimensions using finite-difference based
numerical solutions (USGS, 2024). In this model, SGD is the
groundwater outflow from the SGD-contributing catchment area
(part) Aggp to and across the coastal boundary grid cells at
the land-sea interface. The resulting Qggp is calculated by the
model’s governing equations, of which the above-mentioned Darcy’s
law, in various more complex forms, is a key component. Such
numerical modelling requires detailed input on aquifer stratigraphy,
hydraulic properties (such as hydraulic conductivity and storage
coeflicients), and boundary conditions (e.g., inland groundwater
recharge, river—aquifer exchanges, and coastal heads). Calibration
typically involves matching simulated heads or fluxes to observed
field data. The model example MODFLOW is widely recognized but
can be data-intensive and time-consuming to set up. However, it can
capture complex groundwater flow dynamics, including multi-layer
aquifers, transient groundwater recharge, and, through extension
modules like SEAWAT, variable-density flow to account for saline
intrusion, recirculation in the aquifer, and the resulting seawater
component of total SGD.

3 Discussion
3.1 Implications for water management

The Baltic
by eutrophication and contamination from heavy metals,

Sea’s ecosystem is significantly impacted
pharmaceuticals, pesticides, per- and polyfluoroalkyl substances,
and litter (HELCOM, 2018; Kanwischer et al, 2022). Despite
ongoing remedial efforts, recent assessments reveal limited
improvement (HELCOM, 2023), indicating the need for sustained
action. Anthropogenic contaminants mainly enter the coastal and
marine environment through river discharges and atmospheric
deposition. Excess nitrogen and phosphorus loads highlight land-
based human activities as key contributors (Gustafsson et al,
2012). The conceptual model developed in this study - including all
freshwater flow pathways from land to sea - can play an important
role in better understanding the nutrient and pollutant loads carried
by these discharges and why they remain excessively high.
Quantifying water discharges over an extended period
is significant for detecting changes in hydrological patterns
and understanding their impact on the ecosystem. Analyzing
long-term flow trends helps to reveal variations in water

inputs to the sea, supports more accurate predictions, and
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helps in selection of precautionary measures to mitigate
adverse impacts. By incorporating climate change projections
into the water discharge modelling, environmental managers
can anticipate future challenges under different scenarios
(Wahlstrom et al., 2020), including projected increases in runoff,
shifting precipitation regimes, and rising sea-level extremes across
Baltic drainage areas (Markus Meier et al., 2022), in support of
adaptive strategies to safeguard the ecological integrity of the
Baltic Sea.

3.2 Modelling limitations and uncertainties
Current watershed models such as SWAT, HYPE, and
LISFLOOD commonly require parameter transfer for unmonitored
catchments and generally lack independent representation of SGD.
Recent improvements, such as SWAT + MODFLOW have begun
integrating surface-subsurface dynamics, but still often fail to treat
SGD separately (Bailey et al., 2025; Hinsby et al., 2025). Meanwhile,
recent studies (Jung and Yoon, 2025) show the spatial variability and
ecological importance of SGD in coastal systems. This conceptual
framework advances current practice by separating and modelling
SGD as an independent hydrological flux and integrating multi-
method datasets to estimate total freshwater inputs to the Baltic Sea.
Recent studies in the region have highlighted the relevance of this
approach: at the Hanko Peninsula in Finland, fresh SGD fluxes have
been estimated at approximately 0.4-1.2 cm/day (Virtasalo et al.,
2019),while in Eckernforde Bay, Germany, mean SGD rates of
around 21 cm/day have been observed, with associated elevated
nutrient transport to coastal waters (Kreuzburg et al., 2023).

Although this conceptual model provides a framework for
integrating monitored and unmonitored flows, its accuracy depends
on data availability and quality. Different grided data sources are
available for precipitation and runoff from land to sea, such as
the Global Land Data Assimilation System (GLDAS) (Rodell et al.,
2004), the Global Precipitation Climatology Centre (GPCC), the E-
OBS daily gridded meteorological data, and the ERA5 reanalysis
data (Hersbach et al, 2020). Depending on the dataset used,
there may be considerable differences in model outputs, and
their accuracy, consistency, and representativeness of discharges
(Henn et al., 2018; Sun et al., 2018).

SGD estimates may be constrained by limited radium (Ra)
data (Burnett et al., 2006) and the heterogeneous nature of coastal
hydrogeology. Moreover, SGD also varies over time, e.g., due to
seasonal variations in precipitation, tidal cycles, and groundwater
recharge rates (Hsu et al., 2020; Jiang et al., 2021), which add further
uncertainty.

Simplifications such as the steady-state assumption of negligible
storage change (AS) and reliance on regionalization for unmonitored
catchments, can introduce additional uncertainties (Addor et al,,
2017). Uncertainties arising from individual modules may also
propagate through the integrated model, underscoring the necessity
for uncertainty analysis in future quantitative studies. Using radium
isotopes with a simplified mass balance equation, considering only
inputs from SGD and radioactive decay (Garcia-Orellana et al.,
2021; Tamborski et al., 2020) may allow for a straightforward SGD
calculation but also introduces limitations and uncertainties that
need to be acknowledged (Guo et al., 2022).
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To mitigate such model limitations and uncertainties, the density
and coverage of monitoring networks could be increased to improve
the availability and quality of model input data. Additionally, more
sophisticated modelling techniques can help mitigate and/or account
for uncertainties, for example, use of an ensemble of models for
climate scenario projections. Finally, continuing model calibration and
validation with new data as it becomes available can support relevant
and reliable model development over time.

3.3 Future work

A Python-based tool is under development to quantitatively
apply the conceptual model proposed in this study. This tool
integrates key components into a modular, user-friendly platform,
allowing users to input parameters (e.g., precipitation, temperature,
land use, aquifer properties) to compute runoff, unmonitored
river flow, and SGD. Additionally, the tool will be accessible
through a web-based platform, enabling users to select catchments
to retrieve estimates surface and subsurface water flow. Users
will also be able to upload their own datasets for customized
model runs. The modular and flexible structure will allow
continuous improvements, including new parameter sets and
alternative algorithms, standardize data input formats, and promote
collaborative monitoring efforts to enhance model accuracy for the
Baltic Sea and similar marginal seas.

It is also important to expand and improve monitoring networks
for the Baltic Sea drainage basin, including additional stations and
advanced remote sensing technologies to gather data on water flows
at the relevant resolution for both monitored and unmonitored
catchments. Such extensive data collection will help refine all types of
flow modelling, making it more accurate and reflective of the specific
hydrological processes and their complexity over the Baltic region.

4 Conclusion

To support the protection of the Baltic Sea and the preservation
of its unique ecosystem, this study has proposed and outlined a
conceptual model for quantifying the total water flows from land to
the sea. This conceptualization uses generally available input data
and quantification approaches to estimate the total monitored and
unmonitored, surface and subsurface flow of water into the Baltic,
providing a foundation to estimate the total waterborne transport
of pollutants into the Baltic Sea from various sources and related
pathways on land, such as through rivers, coastal runoff, and SGD.
The information provided by such flow modelling is significant
for environmental policymakers and managers to develop and
implement relevant and efficient strategies for controlling and
reducing Baltic Sea pollution. As the proposed framework is
currently mainly conceptual, the actual quantification tools for
the different conceptual modules still need to be selected and
implemented and linked for offering a complete modelling approach
to understanding and managing the freshwater from land to the
sea. The resulting model applicability and accuracy further need to
be tested and validated with empirical data for the Baltic region.
Thereafter, further refinement and calibration is also needed by
systematic use of new data to continue improving model reliability
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and improving model accuracy for the hydrological dynamics
across the Baltic Sea drainage basin. For this and for any type
of hydrological modelling over this regional basin, improved data
monitoring is also needed for general model refinement to better
support the sustainable management of the Baltic Sea water quality
and ecosystem health.
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