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Abstract

This study investigates the hydrodynamic and environmental behavior of
Polyfytos Lake in Greece using the three-dimensional modeling tools devel-
oped in Delft for water and environmental systems (Delft3D), including the
particle tracking module (Delft3D-PART) for simulating the transport and
dispersion of pollutants. The primary objective was to simulate water move-
ment and assess the dispersion of a hypothetical pollutant, such as oil, under
realistic atmospheric conditions. Meteorological forcing was provided by high-
resolution data derived from the Weather Research and Forecasting (WRF)
model, ensuring an accurate representation of wind, temperature, and precip-
itation patterns across the lake surface. The integration of WRF data into
Delft3D enabled dynamic and time-dependent boundary conditions that sig-
nificantly enhanced the reliability of the simulation. A hypothetical heavy oil
spill was introduced, with specific properties designed to emulate the behavior
and transport of an oil-like substance. The Delft3D-PART module was em-
ployed to model the particle-based transport of the pollutant, tracking its
movement, dispersion, and interactions with the lake’s hydrodynamic condi-
tions over time. Its distribution was monitored to evaluate potential environ-
mental impacts and inform response strategies. The study demonstrates the
utility of Delft3D as a decision-support tool for environmental risk assessment
and highlights the importance of incorporating realistic meteorological forc-
ing into hydrodynamic models for effective management of complex inland
water bodies.
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1. Introduction

Lakes are vital ecosystems that support water supply, biodiversity, and diverse hu-
man activities, including agriculture, recreation, and energy production [1] [2].
Understanding water circulation and pollutant dispersion within these systems is
essential for environmental protection and informed decision-making. To achieve
this, researchers often rely on computer models that simulate hydrodynamic pro-
cesses and environmental changes over time [3].

One widely used tool is Delft3D, a modeling software suite developed by Del-
tares [4], which simulates water flow, sediment transport, and pollutant disper-
sion in aquatic environments such as rivers, lakes, and coastal zones [5]. Its appli-
cations span various settings, including subtropical estuaries like the Vitéria Is-
land Estuarine System (VIES) in Brazil, where computational fluid dynamics cou-
pled with Reynolds-averaged Navier-Stokes equations have effectively modeled
water quality stresses under significant anthropogenic pressure [6]. Hydrody-
namic models are also increasingly applied to urban lakes, which provide critical
ecosystem services such as flood control, nature conservation, and recreation. For
example, Lake Créteil in France—a small, shallow urban lake—was studied using
the Delft3D-FLOW module, calibrated with high-resolution, high-frequency
measurements to simulate temperature dynamics, nutrient diffusion, and pollu-
tant resuspension [7].

Accurate Delft3D simulations require detailed meteorological input, known as
atmospheric forcing, which includes wind speed and direction, air temperature,
and precipitation. The Weather Research and Forecasting (WRF) model is com-
monly used to generate such high-resolution, region-specific weather data [8].
However, because WRF and Delft3D are not directly compatible, WRF outputs
must be preprocessed and converted into Delft3D-compatible formats. While
coupling WRF and Delft3D has been explored in prior studies for coastal [9] or
estuarine [10] applications, its implementation in an inland, thermally stratified
reservoir such as Polyfytos Lake remains relatively underexplored. Moreover, the
development of a reusable Python-based preprocessing pipeline enhances repli-
cability and operational utility, particularly in regions lacking integrated meteor-
ological-hydrodynamic systems.

Recent urban meteorology research highlights the growing importance of high-
resolution data for sustainable decision-making. For instance, spatio-temporal
maps of near-surface urban air temperature (7;) are crucial for assessing urban

heat exposure and climate impacts. A study in Warsaw, Poland, combined crowd-

DOI: 10.4236/0jce.2025.152013

224 Open Journal of Civil Engineering


https://doi.org/10.4236/ojce.2025.152013

V. Papaioannou et al.

sourced Netatmo weather station data with machine learning and traditional in-
terpolation to improve daily 7, predictions. The WRF model also demonstrated
that machine learning offers an efficient alternative for identifying urban heat-
vulnerable areas amid climate change [11]. Beyond urban climate, WRF-Chem
coupled with the MEGANV2.1 emission module was used to estimate biogenic
volatile organic compound emissions in the Colombian Andes, illustrating WRF’s
versatility in ecological modeling [12]. Furthermore, spatial resolution plays a key
role in regional strategic environmental assessments (R-SEA), affecting atmos-
pheric prediction outcomes when varying emission data scales [13]. In watershed
management, comparisons of observed and WREF-simulated meteorological da-
tasets showed that weather data variations can significantly impact nitrogen fate
and transport modeling using tools like SWAT [14].

This study focuses on Polyfytos Lake, Greece’s largest artificial reservoir, lo-
cated in Western Macedonia. Created in 1975 by damming the Aliakmon River,
the lake covers approximately 74 km?. It is vital for hydroelectric power gener-
ation, irrigation, and—since 2003—supplying drinking water to Thessaloniki,
Greece’s second-largest city with around 1,050,000 residents. Approximately
145,000 m? of surface water is extracted daily to meet the city’s demand [15].

The objectives of this study are to:

1) Simulate water circulation in Polyfytos Lake and examine contaminant dis-
persion (e.g., an oil spill) under varying conditions using the Delfi3 D-PART mod-
ule.

2) Integrate realistic weather patterns by incorporating WRF-generated atmos-
pheric data.

3) Develop and demonstrate a Python-based workflow for converting WRF
outputs into Delft3 D-compatible input files.

This replicable workflow enables researchers and practitioners to apply the ap-
proach to other lakes or geographic areas, thereby improving the realism and ac-
curacy of model simulations to support enhanced environmental planning, risk

assessment, and emergency response strategies.

2. Model Specification and Numerical Procedure

This section provides a detailed overview of the coupled hydrodynamic and at-
mospheric modeling approach applied to Polyfytos Lake. We begin by introduc-
ing the study area, highlighting its key geographical and environmental charac-
teristics. Next, we present the governing equations that underpin the hydrody-
namic simulations specific to this region. Following this, the development and
validation of the hydrodynamic computational grid are described to ensure the
accuracy and reliability of the simulation results. Finally, we outline the setup
and validation of the Weather Research and Forecasting (WRF) model, whose
outputs serve as the atmospheric forcing data integrated into the hydrodynamic

model.
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2.1. Case Study Area

Polyfytos Lake, located in the Kozani regional unit of northern Greece, is the
country’s largest artificial reservoir. It was created in 1974 with the construction
of the Polyfytos Dam on the Aliakmon River, primarily to support hydroelectric
power generation [16]. The lake covers a surface area of approximately 74 km?*
and has a maximum storage capacity of 1100 million cubic meters. The associated
hydroelectric power station has a design capacity of 375 MW. The surrounding
region is noted for its distinctive geographical features and ecological richness

(Figure 1).
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Figure 1. Map of the Polyfytos Lake study area, including the location of nearby meteoro-
logical stations used for atmospheric data input.

Around 145,000 m’ of surface water is withdrawn daily to supply the city’s
Drinking Water Treatment Plant [17]. In addition to its utilitarian functions, the
lake supports diverse socio-economic and environmental activities. The Environ-
mental Education Center of Lake Polyfytos highlights the importance of conserv-
ing the region’s natural habitats and biodiversity. The area is also home to signif-
icant infrastructure, including the Polyfytos Bridge, which spans the lake and
plays a vital role in regional connectivity and transportation. The bridge and its
surrounding environment have been the focus of multiple studies addressing

structural integrity, environmental impacts, and ecosystem preservation [18].

2.2. Governing Equations

The governing three-dimensional equations describing free-surface flows can be
derived from the Navier-Stokes equations after averaging over turbulence time-
scales (Reynolds averaged Navier-Stokes equations). Such equations express the

physical principle of conservation of volume, mass and momentum [4]. In this
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section we describe the shallow water equations, for which the depth is assumed
to be much smaller than the horizontal length scales of flow and bathymetry. Un-
der the further assumption that the vertical accelerations are small compared to
the horizontal ones the shallow water assumption is valid. This means that the

vertical momentum equation is reduced to the hydrostatic pressure relation.

op
L-o_p.g 1
Oz ¢ W

where: p = pressure, p, = the reference water density and g = gravity acceleration.

To facilitate the representation of flows over variable bathymetry, the vertical
coordinate is transformed into a terrain-following o-coordinate system, defined
such that o= 0 at the free surface and o= —1 at the bottom. The three-dimensional
hydrostatic shallow water equations, which for convenience of presentation are
given in Cartesian rectangular coordinates in the horizontal and o-coordinates in
the vertically.

The horizontal momentum equations are:

a_u+ua_u+va_u+ﬂa_u:—i(a_p+a_o-a_p)+fv+ﬂ +L2i[vl/a_u) (2)
ot Ox Oy hoo p,\0x Ox 0o h* 0o oo

6_U+u8_u+06_U+XG_U:_L 6_p+6_0'6_p _fu+]?:) +L2i(vl/ﬂ] (3)
ot Ox oy hoo p,\ 0y Oy 0o h® 0o oo

The continuity equation (mass conservation) is:

%4_ a(hu) N 6(hv) +8_w:

h(g, — +P-FE 4
af ax ay 80‘ (qm q(mt ) ( )

where: u, v, w=the velocity components in the x; y; and o directions respectively,
h = the total water depth, £= the Coriolis parameter accounting for Earth’s rota-
tion, F,, F, = horizontal viscosity terms, vy = the vertical eddy viscosity, g, and
Gout = local water source and sink terms per unit volume (e.g., river inflows, with-
drawals), Pand E denote precipitation and evaporation fluxes at the surface.

The vertical velocities win the o-coordinate system are computed from the con-

tinuity equation:

o¢ o) o(h) ow _, (5)
ot oOx dy Jo

where: Q represents the net contributions per unit area from discharge, with-

drawal, precipitation, and evaporation, defined as:
0
Q:hjil(qin—qom)da+P—E ©)

The horizontal viscosity terms F, and F, account for turbulent momentum

fluxes and are expressed as:

(8 oo 0 j 0 0o 0

L= | | ——— |1, (7)
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where: the Reynolds stresses 7., 7, and 7;, are parameterized using the Boussinesq

approximation:
Ou 0o Ou
=2y, | L A 9
o Vﬂ(ax ox 80‘) ®
o=y, [ 0T (10)
yy 8)} a-)/ ao_
Oou 0o Ou 0Ov Oc Ov
T, =V —t——t—t—— (11)
v dy 0y 0o 0Ox Ox 0o

where: vy = horizontal eddy viscosity coefficient.

2.3. Grid Formation and Validation

Grid formation is a fundamental step in setting up hydrodynamic and environ-
mental simulations in Delft3D for aquatic systems such as lakes, rivers, and coastal
zones. The computational grid defines the spatial resolution and geometric struc-
ture over which key physical processes—such as water flow, dispersion, and pol-
lutant transport—are calculated. For the Polyfytos Lake simulations, constructing
a detailed and well-structured grid was essential to accurately capture the lake’s
bathymetry, hydrodynamic behavior, and interaction with atmospheric forcing.
The first stage involved defining the spatial domain of the lake (Figure 2). For
Polyfytos Lake, this required delineating the grid boundaries to encompass the full
extent of the lake’s surface area. Delft3D’s Open Land Boundaries were employed
to outline the lake’s natural shape and depth contours. These boundaries were
supplemented by Open Samples to account for bathymetric variations within the

domain.

B2 RGFGRID 6.03.00.66818 - [--unnamed--]

File Edit Operations View Coordinate System Settings Help

[ New Project ‘._ ® 'I’ S BB =
= Open Project...

n Save Project

& Save Project As...

Attribute Files il & Open Land Boundaries...
Import % | Saveland Boundaries...
Export 4

= Open Polygons...
= Open Colour Map... B savePolygons..
(= Open Settings...

& Save Settings...

(= Open Samples...
= Open Samples (ARC)...
Exit [ Save Samples...

= Open Splines...
[ saveSplines...

u Save Splines with Intermediate Points...

& Open TextFile...

Figure 2. RGFGRID interface in Delft3D.
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The grid boundaries were defined using a Cartesian coordinate system and for-
matted for compatibility with Delft3D’s RGFGRID (version 6.03.00.66818), as il-
lustrated in Figure 3(a). This grid file format includes metadata such as the file
version and creation date, followed by a sequence of boundary points recorded in
xyz coordinates. Specifically,

* xand yrepresent spatial positions (longitude and latitude, Figure 3(a)), and

* zdenotes elevation or water depth at that location (Figure 3(b)).

A\ This approach ensures that the model accurately reflects the lake’s geometry,
which is essential for simulating realistic hydrodynamic conditions. It is im-
portant to note that the Delft3D-PART module, which simulates particle
transport, operates only in a Cartesian coordinate system.

NSl )VQN/A‘V,\Q

(a ,/J/’Q/ff”““ (b)
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Figure 3. Left: Land boundary definition for Polyfytos Lake, outlining the spatial limits of the simulation domain. Right: Bathymetry
data for the lake, depicting depth variations used to model hydrodynamic conditions.
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Once the computational grid was established, the next critical step was to define
the boundary conditions required for simulation. These include parameters such
as inflow and outflow discharges, atmospheric forcing variables (e.g., wind, tem-
perature, precipitation), and water quality characteristics. Accurate and properly
formatted boundary conditions are essential for producing realistic and reliable
model outputs.

To streamline this process, the QUICKIN module within Delft3D was utilized.
QUICKIN facilitates efficient setup and assignment of boundary conditions, en-
suring input data is correctly formatted and aligned with the grid structure (Fig-
ure 4). This integration maintains spatial and temporal consistency across the
model domain.

To assess the impact of grid resolution on temperature simulation accuracy in
Polyfytos Lake, three spatial resolutions were tested: 200 m x 200 m, 100 m x 100
m, and 50 m x 50 m. Each resolution provided a different level of spatial detail,
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influencing the model’s ability to capture thermal gradients and local hydrody-

namic phenomena.

Samples
Minimun
320.000
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292.858
287.429
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265.715
260.286
254.858

249.430
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238.572
233.144
227.716
222.287
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211.430
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Minimun

Figure 4. Correctly formatted boundary condition data integrated with the Delft3D grid.

The model grid consists of 236 points in the M-direction and 233 points in the
N-direction, striking a balance between computational efficiency and spatial de-
tail. Vertically, the model is discretized into 14 layers with non-uniform thickness
designed to enhance resolution near the surface where temperature gradients are
more pronounced. Specifically:

* Layers 1 to 6: 0.2% thickness each,
* Layer 7: 1% thickness,

¢ Layer 8: 2% thickness,

* Layer 9: 5% thickness,

* Layer 10: 10% thickness,

* Layers 11 to 14: 20% thickness each.

This layered structure ensures high resolution in the thermally dynamic surface
region while optimizing computational resources at greater depths.

Temperature profiles were analyzed at a representative point within the do-
main—coordinates M136, N123—corresponding to a critical observation site la-
beled OilSpilBout (Figure 5). This location was strategically selected to evaluate

temperature distribution across the transition zone from deep to shallow waters,
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facilitating comparison across different grid resolutions (Figure 6).

Simulations covered the period from 1 July 2018, 00:00 UTC to 7 July 2018,
23:00 UTC, a timeframe characterized by prolonged heat and dry weather condi-
tions. Temperature profiles were extracted for 6 July 2018, chosen to illustrate the

effects of sustained elevated temperatures on thermal stratification.

Bathymetry [m]

<2147
<2235
<2323
<241.0
<2498
< 258.6
[ <267.4
M <276.1
M <2849
M <293.7
M <3025
M <311.2

Figure 5. Selected OilSpill3out monitoring point within Polyfytos Lake
used for temperature profile analysis across different grid resolutions.

Temperature profile for the three spatial resolution grid
at point M136 and N123

Temperature T (K)

0 4 8 12 16 20 24 28 32 36 40 44 48 52
Depth z (m)

Figure 6. Temperature profiles at the OilSpill3out monitoring point
for the three grid resolutions (200 m x 200 m, 100 m x 100 m, and 50
m x 50 m) in Polyfytos Lake.

The results demonstrate clear thermal stratification typical of medium-depth
lakes:
¢ Surface temperatures started at approximately 24.9°C, consistent with ex-
pected seasonal and atmospheric conditions [19].
* Thethermocline, between 10 m and 30 m depth, exhibited a sharp temperature
decrease from around 21.2°C to 6°C, indicating strong thermal gradients.
* Below 30 m, temperatures stabilized between 4°C and 6°C in the bottom layer,

reflecting relatively constant cold conditions.
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These temperature profiles provide vital insights into heat distribution and
thermal dynamics, which are crucial for water quality, ecological health, and pol-
lutant transport modeling. The profiles generated from the three tested grid reso-
lutions differed by less than 1.0%, indicating robust reproduction of thermal strat-
ification across all grids. Considering the trade-off between computational de-
mand and accuracy, the 200 m x 200 m grid resolution was selected as optimal for
the large-scale study, offering reliable results without compromising model preci-

sion.

2.4. WRF Setup and Validation

To improve the accuracy of Delft3D hydrodynamic simulations for Polyfytos
Lake, atmospheric conditions are supplied by the Weather Research and Forecast-
ing (WRF) model, version 4.3 [8]. The WRF simulations employ multiple nested
domains with progressively finer resolutions to capture atmospheric processes at
varying scales:

¢ d01: Large-scale domain with 25 km horizontal resolution,

* d02: Nested intermediate domain with 5 km resolution,

¢ d03: Inner domain with 1 km resolution,

* d04: Large Eddy Simulation (LES) domain with 200 m resolution.

The WRF model uses advanced physical parameterizations to represent sub-

grid scale processes, including:

* The two-moment Morrison scheme for microphysics [20],

* The RRTMG scheme for longwave and shortwave radiation [21],

* The Betts-Miller-Janjic (BM]) scheme for convection [22],

* The Mellor-Yamada-Janjic (MY]) scheme for the Planetary Boundary Layer
(PBL) [23],

* The Noah Land Model for land surface processes.

The 200 m resolution WRF domain (d04) was validated using observational
data from two local meteorological stations—Kesaria and Velventos—situated
near Polyfytos Lake. The meteorological data, provided by the National Observa-
tory of Athens [24], include 10-minute averaged wind speed and dominant wind
direction records spanning 1 July 2018 00UTC to 9 July 2018 00UTC. Table 1

summarizes the locations and elevations of these stations:

Table 1. Meteorological stations adjacent to Lake Polyfytos.

Station Code Name Longitude (°) Latitude (°)
344 Velventos 22.056100 40.255576
449 Kesaria 21.859620 40.183720

The comparison covers 11,520 minutes (~8 days). Wind direction data, ex-
pressed as dominant directions, are shown every 960 minutes (~16 hours). The
WREF-simulated wind speed and direction time series closely match observations

from both stations, confirming the model’s capability to reliably reproduce local
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meteorological conditions (Figure 7(a) & Figure 7(b)).

Two custom Python scripts were developed to support the data processing
workflow. The first script, wrf_ degrees2cartesian.py (available on GitHub), con-
verts the WRF model output from geographic (latitude-longitude) to Cartesian
coordinates, enabling integration with the hydrodynamic model grid. The second
script, extract_values_wrf py, extracts wind speed data from WRF NetCDF output
files. It calculates the mean wind speed at a specified location near the center of
Polyfytos Lake and formats the data for direct comparison with observational rec-

ords from the nearby meteorological station.

Kesaria & WRF mean WS comparison

50 I I
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40 — WRF
35
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225 |
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Figure 7. Wind speed and direction comparison between local stations (a) Kesaria station
and (b) Velventos station and WRF model output.

While the validation of WRF meteorological inputs demonstrated strong agree-
ment with observational data, further validation steps are planned to evaluate the
hydrodynamic model against measured water levels and current velocities. Where
available, comparisons with satellite or drone-based oil slick observations will also
be integrated to benchmark the model’s ability to capture spatial spill patterns.
These additions will enhance the model’s credibility for predictive and planning
purposes.
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3. Methodology

This section presents the comprehensive approach used to model the hydrody-
namics and simulate oil spill behavior in Polyfytos Lake. The methodology inte-
grates the Delft3D modeling system with meteorological forcing from the WRF
model to realistically represent water flow, mixing processes, and the transport
and fate of oil under varying environmental conditions. Detailed descriptions of
the hydrodynamic setup, boundary conditions, and particle tracking techniques
are provided to outline the simulation framework and parameterizations applied

throughout the study.

3.1. Delft3D-FLOW Setup

A) Domain: The hydrodynamic modeling of Polyfytos Lake was conducted us-
ing the Delft3D-FLOW module, operating in a three-dimensional baroclinic
mode. The model domain was discretized on a rectangular Cartesian grid, previ-
ously defined with 236 and 233 grid points in the M- and N-directions, respec-
tively. The vertical structure consisted of 14 sigma layers, with thickness percent-
ages described in Section 2.3.

B) Time frame: The simulation was conducted over the period from 01 July
2018 00:00 UTC to 08 July 2018 00:00 UTC (~7days), capturing a full week of
meteorological and hydrodynamic variability relevant for the subsequent disper-
sion modeling. The computational time step was set at 1 min, selected based on a
Courant-Friedrichs-Lewy (CFL) condition analysis to ensure numerical stability
of the hydrodynamic solver. The CFL condition [4], defined as:

U - A
CFL=—"I" _ (12)
Ax

where: Uj; = maximum flow velocity, A¢= time step, and Ax = spatial resolu-
tion, was maintained below the stability threshold (typically < 1 for explicit
schemes). Given the grid resolution and expected maximum flow velocities within
Polyfytos Lake (~0.5 m/s), typical grid cell size 200 m and time step 1 min (60 s),
the resulting Courant number remained within the recommended safe range (CFL
< 0.15) throughout the domain.

C) Boundary conditions: Meteorological forcing was provided by the WRF
model, which supplied spatially and temporally varying fields of wind speed, at-
mospheric pressure, air temperature, relative humidity, and solar radiation. These
were mapped onto the Delft3D computational domain and formatted to meet
model input specifications. Wind forcing was incorporated into the hydrody-
namic model as shear stress acting on the free water surface [4]. The wind shear

stresses in the x- and y-directions (7, ;) were computed using:
T = pa ' Cd ' U120m COS(G)’ Tsy = pa ’ Cd : U120m COS(Q) (13)
where: p, = air density (1.2 kg/m?), Ui = wind speed at 10 m height and &= wind

direction angle relative to the model grid axes, both of them taken from the WRF
model.

DOI: 10.4236/0jce.2025.152013

234 Open Journal of Civil Engineering


https://doi.org/10.4236/ojce.2025.152013

V. Papaioannou et al.

These stresses were converted to body forces F"*/ and F)'™ acting on the

surface layer through:

) 1 . 1
wamd =7, Fvywmd =—.7 (14)

Po p,

where: p, = density of water (1026.72 kg/m?*). The drag coefficient C;was calcu-
lated following the formulation by Smith and Banke [25]:

C;’ UlOm < Ul/?)m
U =U/s
C; +(C5 _C;)H’ U{?)m £(]lOm Sljlj?)m
Cd (Ulom ) — 10m 10m (15)
Upw =US 5 c
Cf +(C§ _Cf) Ulg"’ U]gm s Uiow <Uiow <Usgm
10m ~ “10m
CdC’ Ulc()m < UlOm

where: C!, = wind drag coefficients at the windspeed Uj,, (i=4,B,C) and

are user defined. The values of these values are shown in Table 2.

Table 2. Meteorological stations adjacent to Lake Polyfytos.

User defined Uy, (m/s) G,
A 0 0.00063
B 10 0.00429
C 20 0.00495

The bottom friction in the Delft3D-FLOW model was parameterized using the
Chezy formulation, a commonly used empirical approach to represent bed rough-
ness effects in open channel and lake hydrodynamics. The Chezy coefficient Cwas
set uniformly across the domain to:
¢ (=65 for the U-direction, and
* (=65 for the V-direction,

reflecting moderate bottom roughness conditions typical for a reservoir with
mixed sediment and bedrock composition. The Chezy formulation expresses bed

shear stress 7 as:

d,avg (16)

where: Uy, = depth-averaged velocity.

Lateral (wall) roughness was set to free-slip (wall roughness = 0), assuming
minimal resistance from the lateral boundaries such as vertical walls or embank-
ments, which is reasonable for the scale and resolution of the Polyfytos Lake
model.

D) Processes: To resolve turbulent mixing processes in the hydrodynamic sim-
ulation, the model employed the standard k-¢ turbulence closure scheme, which
is suitable for simulating stratified flow conditions in large, deep-water bodies

such as reservoirs and lakes. The following background (minimum) eddy viscosity
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and diffusivity values were prescribed to account for sub-grid mixing and ensure
numerical stability in weakly turbulent regions:

* Horizontal eddy viscosity: 0.02 m?/s,

* horizontal diffusivity: 0.002 m?/s,

* vertical eddy viscosity: 2 x 107> m?*/s,

* vertical diffusivity: 2 x 10* m?/s.

These values are within the typical range for large-scale inland water bodies and
support the model’s ability to capture vertical stratification and mixing while min-
imizing numerical diffusion [4].

E) Heat flux model: Surface heat exchange was simulated using Delft3D-
FLOW’s Ocean heat flux model, which accounts for various components of the
surface energy budget including solar radiation, longwave radiation, sensible heat,
and latent heat fluxes. To parameterize shortwave radiation attenuation, a Secchi
depth of 5 meters was prescribed. This value represents the average water clarity
in Polyfytos Lake and controls the vertical distribution of solar energy within the
water column. The latent heat flux due to evaporation was calculated using the
Dalton formula, with a Dalton number of 0.0013. Similarly, convective (sensible)
heat exchange was governed by the Stanton number, also set to 0.0013 [4]. These
coefficients represent typical values for moderately turbulent atmospheric condi-
tions over large water bodies. Meteorological inputs required by the heat flux
model, including: air temperature, relative humidity, and cloud coverage, were
dynamically provided by the WRF atmospheric model, ensuring consistency be-
tween hydrodynamic and atmospheric boundary conditions.

F) Discharge Inflow and Outflow: To model the hydrodynamic behavior of
Lake Polyfytos, both inflow and outflow discharge data were treated as critical
boundary conditions in the Delft3D simulation. These discharges are primarily
influenced by the operation of the Polyfytos Dam and hydroelectric plant, as well
as the natural flow of the Aliakmon River. The inflow and outflow data were ob-
tained from the work of Frysali et a/ [16]. During the simulation period from 01
July to 08 July 2018, irrigation demand in the Thessaloniki area peaked at 30 m*/s,
while precipitation was minimal—less than 2 mm—urther impacting the lake’s

water balance.

Lake Polyfytos discharge from 01 to 07 July 2018
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Figure 8. Discharge inflow and outflow rates for Lake Polyfytos from
01 July to 07 July 2018.
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Figure 8 displays the inflow and outflow discharge rates for Lake Polyfytos over
this period, with time expressed in minutes on the x-axis. The inflow (blue line)
remains relatively steady, fluctuating slightly between 1.5 and 2 m?/s, suggesting a
consistent upstream water supply. In contrast, the outflow (orange line) shows a
clear downward trend, starting at approximately 18 m?/s and gradually decreas-
ing, with notable short-term increases observed around 7680 and 8640 minutes.
This discrepancy between inflow and outflow suggests a net water loss from the
lake during the simulated period, which likely impacts the lake’s water level and
overall hydrodynamic behavior. These discharge values were incorporated into
the Delft3D model as boundary conditions at the lake’s inflow and outflow grid
points. Specifically, the inflow was applied at the bottom-left boundary of the
model domain (see Figure 5), and the outflow at the top-right. This setup reflects

the main flow direction observed in Lake Polyfytos.

3.2. Python Integration for Simulation Setup

Within the Delft3D interface, users can configure spatially varying wind and pres-
sure conditions to support hydrodynamic and meteorological simulations. This
interface serves as a comprehensive configuration tool, allowing users to define
physical, numerical, and operational parameters relevant to a wide range of envi-
ronmental modeling studies.

On the left panel and center of the interface (Figure 9), the integration with
WRE is clearly visible. The Wind tab within the Physical parameters allows users
to select wind and pressure fields that either vary spatially or remain uniform.
These fields are likely sourced from WREF output, providing the flexibility to in-
corporate real-world atmospheric data into the simulation. Moving to the right
panel, the Additional parameters section offers a detailed view of the interaction
with Python code. Here, WRF-derived variables, such as #x_wind.amn# and
#air_temperature.amf#, are mapped to internal keywords (e.g., Filwu, Filwt). This
structure suggests a template-based configuration system, in which Python scripts

likely parse these mappings and dynamically replace the tokens in simulation in-

put files.
Descriplion Constants | Roughness | Viscosity | Heat flux model Wind
Domain
 Space varying wind and pressure
Time frame  unitorm
Processes ﬁ’fé
Select file (e)
Initial conditions | COO, %)
File : Filename unknown ®
Boundaries
Interpolation Type & Linear
WRF Physical parameters —
Descrption Additional parameters.
Numerical parameters |
Operations: Keyword Value
Monitoring -
Fil
Additional parameters e EIN|
s Detete |
Output bt
Filwe
Physica paramtars | Fitwr
Fitapr
Numerical parameters Fitws -
Operations
Monitoring
Additional paramciers
Output

Figure 9. Delft3D interface for adding WRF parameters.
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The Python code developed in this study is being released for the first time on
GitHub under the name D3 .D_addin_parameters.py. This script is designed to sig-
nificantly streamline the workflow for Delft3D users who wish to incorporate
wind forcing and other atmospheric conditions derived from the WRF model. The
code, provided in the appendix, supports a variety of meteorological variables, in-
cluding:

* ul0 represents the 10-meter U-wind component (in meters per second), while
v10 represents the 10-meter V-wind component, both of which describe wind
speed and direction at 10 meters above ground level,

* mslpressure is the mean sea level pressure, given in Pascals and converted to
millibars for ease of interpretation. Similarly, surfpressure corresponds to the
surface pressure, also converted from Pascals to millibars,

* tccrefers to total cloud cover, measured as a percentage, providing insight into
the amount of cloud cover over the grid at a given time,

* t2m and d2m are the 2-meter air temperature and 2-meter dew point temper-
ature, initially in Kelvin and converted to Celsius. These values help calculate
other variables like relative humidity,

* msnswrf represents the shortwave radiation flux, measured in watts per square
meter (W/m?), indicating the amount of solar radiation reaching the Earth’s
surface,

* tp denotes total precipitation, initially in meters and converted to millimeters
for consistency with common precipitation measurements,

* finally, mtpr gives the total precipitation rate in kilograms per square meter
per second, converted to millimeters per hour for ease of use in simulation
models.

Output Files Created:

1) air_temperature.amt: Contains air temperature ("C).

2) relative_humidity.amr: Contains relative humidity (%).

3) air_pressure.amp: Contains air pressure (mbar).

4) x_wind.amu: Contains the x-component of wind speed (m/s).

5) y_wind.amv: Contains the y-component of wind speed (m/s).

6) cloudiness.amc: Contains cloudiness (%); note: this file was derived using a
separate Python script (D3D_addin_CLD) and sourced from a .npz file format
rather than WRF NetCDF outputs.

7) precipitation.ampr: Contains precipitation rate (mm/h).

8) sw_radiation_flux.ams: Contains shortwave radiation flux (W/m?).

3.3. Delft3D-PART Setup for Oil Spill Behavior

A) Description: Oil spill behavior in Polyfytos Lake was simulated using the
PART module of Delft3D, which is specifically designed for particle tracking and
allows simulation of pollutants—such as oil—only at the water surface and in Car-
tesian (x, y) coordinates.

B) Hydrodynamics: The modeling process began with the setup of the hydro-
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dynamic conditions using the Delft3D-FLOW module. This involved defining the
lake’s grid, bathymetry, and time-varying inflow and outflow discharge data. The
Delft3D-FLOW model simulated both horizontal and vertical mixing, generating
the current fields necessary for the subsequent oil transport simulations. Once the
flow model was set up, the .com files were generated, which serve as fundamental
inputs for the PART module.

C) Numerical parameters: A total of 400,000 particles were released into the
model domain to represent the target substance(s), enabling detailed Lagrangian
tracking of mass transport and spreading patterns over time. Vertical mixing of
particles was modeled using the depth-averaged algebraic approach, which esti-
mates vertical dispersion based on the resolved flow field and local turbulence
levels. A scale factor of 0.1 was applied to modulate the strength of vertical disper-
sion, following Delft3D’s standard practice to tune sub-grid mixing. This ap-
proach is suitable for stratified conditions where vertical exchange is significantly
weaker than horizontal dispersion and can be adjusted to reflect empirical or cal-
ibration data.

D) Continuous Releases: In the particle tracking simulation, a continuous oil
release was modeled to represent a hypothetical surface spill scenario in Polyfytos
Lake. The release was introduced at five predefined surface points: one located at
the center of the lake, with two additional points positioned upstream and two
downstream. These supplementary locations were spaced symmetrically at 3.4 km
intervals from the central point, covering a total longitudinal span of approxi-
mately 13.6 km across the lake. Each release point was defined as a circular surface
source with a radius of 10 meters, ensuring spatially distributed injection of par-
ticles to mimic realistic dispersion dynamics. At each location, the oil was released
at a constant concentration of 20 kg/m’ and a steady flow rate of 0.1 m?/s, corre-
sponding to a mass release rate of 2 kg/s per point. To adequately represent the
distribution of the substance across all release points, 20% of the total 400,000
particles—equivalent to 80,000 particles-were allocated to each site. This configu-
ration enabled the model to capture the influence of varying hydrodynamic con-
ditions on the transport and fate of the oil across different regions of the lake.

The accuracy of a Lagrangian particle simulation is often expressed in terms of
the smallest concentration that can be represented by a single particle within a
computational cell [26]. This minimum resolvable concentration is calculated as

the particle mass divided by the volume of the cell in which it resides:

M
= total ( 1 7)
N, Acell ' h

total layer

where: Gy, is the minimum concentration resolution (kg/m?), A is the surface
area of a computational (or zoom window) cell (m?), Agyer is the layer thickness
(m) and M, is the total mass released (kg), Mo = total number of released par-
ticles.

The above relationship can be used to estimate the required number of particles

for a given simulation. In this study a hypothetical release of a total of 1,209,600
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kg of substance. The smallest grid cell in the computational domain within the
area of interest has a surface area of 40,000 m* with a minimum layer thickness of
0.1 m. It is required that the simulation should be able to resolve concentrations
of at least 0.001 kg/m®. The minimum total number of particles required for this
release would therefore be N, > 1,209,600/(0.001 x 40,000 x 0.1) = 302,400
particles.

E) Process Parameters: To simulate subgrid-scale dispersion, Delft3D-PART
[26] applies a Lagrangian random-walk scheme that combines deterministic ad-
vection with stochastic diffusion. The position of each particle is updated accord-

ing to the following equation:
x(t+A1)=x,(¢)+U,, -At+16-D-At (18)

where x(#) = position of the particle at time ¢, Uz, = local flow velocity vector from
Delft3D-FLOW, At =time step, D = turbulent dispersion coefficient and 7 = vec-
tor of independent random numbers drawn from the uniform interval [-1, 1].
This formulation reflects the combination of advective transport by resolved
flow fields and stochastic displacement due to turbulent diffusion, with the ran-
dom component scaled by +/6-D-At . The horizontal spreading of particles is

governed by a time-dependent diffusion coefficient of the form:
D=a-t’ (19)

where a = 0.07 and b= 0.7 are calibration coefficients [26].

In the vertical settling/re-suspension equation from the Delft3D-PART manual

[26] is:
v, =c" {AO + 4, sin [MH (20)

where: v, is the settling (or re-suspension) velocity of particles, ¢ = local particle
concentration, 1 = exponent controlling concentration dependence, A, = baseline
velocity component, 4, = amplitude of the oscillating component, 7'= period of
oscillation (e.g., daily or tidal cycle), ¢ = phase shift in time [same units as 4,
which adjusts the starting point of the sinusoidal variation.

In the present configuration, only the constant coefficient A, = 0.0001 m/s was
applied, assuming a simplified vertical exchange driven by turbulence, without
time-periodic modulation. Additionally, the exponent 1 was set to zero (1 = 0),
which implies ¢” = 1, and settling velocity is independent of concentration.

F) Oil Model: The properties of the oil (e.g., density, viscosity) and the release
timing were selected to reflect realistic environmental conditions, as illustrated in
Figure 10.

In this simulation, we focus on the behavior of Heavy Fuel Oil (HFO), a dense,
high-viscosity oil type known for its slow evaporation and strong adherence to
surfaces. The configuration has been set with a detailed set of parameters to accu-
rately represent how this oil would interact with the environment over time, spe-

cifically in a body of water like Polyfytos Lake. The following key parameters were
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derived from the works of Gongalves et al. [27] and Tirado er al [28].

m Particle tracking [C:/Users/vaspapa/Desktop/polifitos.mdp ] - *
File Table View Help

Description Process parameters

Decay Rates Sediment/Erosion Physical ‘ Qil Model ‘

Hydrodynamics

0il parameters for Heavy Fuel Oil

Substances ‘ Selectuilltype: Evaporation per day 0.05 [1{day]
| \Ekofisk Stickyness probability [0-1] 0.1 H

Time Frame | Heavy Fuel Oil Volatile fraction [0-1] 0.94 [
Emulsification parameter 2e-006 H
Initial Condition ‘ Maximum water content [0-1] 07 H
- Fraction at which emulsification starts (0,05 H
Numerical Parameters Density 990 [kg/m3]
P Kinematic viscosity 1500 [cS1]

Dispersion [entrainment]

Continuous Releases " User-defined dispersion rate l:l [1iday]

@ Calculated dispersion [Delvigne, Sweeney, 1988]

Process Parameters ‘

Global oil parameters

Observation Points ‘ Minimum thickness [
| Deflection angle [Coriolis) [ 0 | [degl

Output Options

Figure 10. Process parameters interface in Delft3D.

Key Parameters for Heavy Fuel Oil:

¢ Evaporation Rate: Set at 0.05 per day, the evaporation of Heavy Fuel Oil is
slow, reflecting its nature as a less volatile substance. This is typical for heavy
oils that do not quickly evaporate into the atmosphere.

» Stickiness Probability: With a value of 0.1, this indicates that the oil has a rel-
atively low tendency to adhere to surfaces or particles, though it still maintains
a moderate potential to stick, which could affect its spread across the water
surface.

* Volatile Fraction: An unusually high value of 0.94 has been selected, indicating
that 94% of the oil is capable of evaporating. It is acknowledged that the spec-
ified volatile fraction of 0.94 is uncharacteristically high for heavy fuel oil
(HFO), which typically exhibits lower volatility. This parameter was initially
selected to test upper-bound evaporation scenarios but will be re-evaluated
and adjusted in future sensitivity analyses to reflect more realistic physical
properties consistent with empirical HFO data. Such refinement is essential
for ensuring the reliability of predicted oil weathering and transport dynamics.

* Emulsification Parameters: The emulsification behavior, crucial in under-
standing how the oil forms mixtures with water, has been set with a small
emulsification rate of 2 x 107, and the maximum water content is set at 0.7.
This suggests that the oil has a moderate potential to mix with water, forming
emulsions, which could influence the 0il’s movement and persistence on the
water surface.

* Density: The density of the oil is 990 kg/m’, slightly lower than freshwater.

This means that the oil will float on the water’s surface, spreading out in the
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form of a slick, but will also interact with the surface more easily than oils
denser than water.

* Kinematic Viscosity: With a viscosity of 1500 centistokes (cSt), this oil is highly
viscous, which means it will spread slowly across the surface of the water and
resist rapid dispersion.

* Dispersion Settings: The model utilizes the Calculated dispersion option based
on the Delvigne & Sweeney [29] approach. This allows the simulation to dy-
namically calculate how the oil particles disperse vertically due to turbulence
in the water. This setting will adjust over time based on environmental condi-
tions, influencing how the oil behaves in the water column.

Global Parameters:

e Minimum Slick Thickness: Set at 5 x 10~ meters, this defines the threshold for
detecting the slick, ensuring that only noticeable oil layers are tracked in the
simulation.

¢ Deflection Angle (Coriolis Effect): The Coriolis effect is ignored (set to 0 de-
grees), a suitable choice for a small, inland water body like Polyfytos Lake,
where this effect would be negligible.

4. Model Outputs and Results

The following analysis synthesizes model-generated outputs representing the spa-
tial and temporal distribution of floating heavy fuel oil (measured in kg/m?) over
a 7-day period. The data is derived from the Delft3D computational modeling,
visualized through paired spatial maps for each key date range.

The model simulations for 01 July 2018 at 05:00 and 02 July 2018 at 11:00 reveal
the initial release of oil into the reservoir. On the first day, the spill appears rela-
tively contained, with low concentration levels ranging between approximately
1.36 to 2.73 kg/m?, depicted in deep blue shades across most of the affected area.
By the following day, a subtle expansion of the spill becomes evident—particularly
toward the central region of the water body—signaling the onset of the spreading
phase. This pair (Figure 11(a)) likely captures the very beginning of the spill
event, marked by limited environmental influence. The prevailing wind condi-
tions—light winds from the northwest to north-northwest at around 3 m/s—sug-
gest minimal external forcing. As a result, the oil largely remains concentrated
near its source, with little evidence of significant transport or widespread disper-
sion during this early stage.

Model outputs for 03 July 2018 at 17:00 (Figure 11(b)) indicate a sharp escala-
tion in surface oil concentration. Distinct patches of green, yellow, and red hues
emerge, representing localized zones with concentrations reaching up to approx-
imately 13.64 kg/m?. This surge in intensity appears to coincide with strong wind
conditions—ranging from north-northeast to east, with speeds around 19 m/s—
likely contributing to the abrupt increase in contamination. By 04 July 2018 at
23:00, while the most heavily contaminated zones begin to subside, the overall

spatial extent of the spill expands considerably, particularly toward the northern
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Figure 11. Temporal evolution of floating heavy fuel oil concentrations (kg/m?) in Polyfytos Lake from July 1 to July 7, 2018. Snap-
shots illustrate the spatial distribution and spread of the oil slick under varying wind conditions, with peak concentrations observed
on July 3 during high wind events. Color gradients represent surface oil density, indicating both intensity and extent of dispersion.
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and central regions of the water body. Although surface concentration levels de-
crease slightly, the geographic spread of the oil becomes more pronounced. This
sequence reflects the continues release event, driven and intensified by high wind
activity. The subsequent decrease in concentration, coupled with broader spatial
dispersion, suggests the onset of natural degradation processes due to environ-
mental dynamics.

Finally, the model outputs, from 06 July 2018 at 05:00 and 07 July 2018 at 11:00
(Figure 11(c)), highlight a continued westward expansion of the oil spill. On July
6th, the oil remains concentrated in the central to upper regions of the water body,
with distinct red and yellow patches indicating localized areas of high surface den-
sity. By July 7th, the spill has both shifted and broadened, with its reach extending
noticeably into the western sector. The dominant surface tones transition to cyan
and green, corresponding to moderate concentration levels between 3 - 7 kg/m?.
High-density zones become more diffuse, suggesting active dispersion across a
wider area. This final phase reflects ongoing horizontal spread, influenced by per-
sistent winds from the north-northwest to northwest. The reduction in peak con-
centration levels, alongside an increase in the affected area, points to natural dif-

fusion processes such as dispersion and evaporation.

5. Limitations and Uncertainties

This study has several limitations that merit discussion. First, the Delft3D and
WREF models, while robust, rely on assumptions that may not fully capture small-
scale turbulence, boundary interactions, or subsurface mixing processes. Param-
eterizations such as eddy viscosity and particle dispersion coefficients are gener-
alized and not site-calibrated due to data constraints. Furthermore, uncertainties
in input datasets—including bathymetric resolution, meteorological forecasts,
and oil property specifications—can propagate through the simulation, affecting
output reliability. Future work will focus on quantifying these uncertainties using
ensemble simulations and sensitivity analyses.

Another limitation is the absence of direct comparison with real-world spill
events or field trial data from Polyfytos Lake or similar inland water bodies. In-
corporating such benchmarks would allow for more robust validation of modeled
oil dispersion patterns and enhance the model’s operational relevance. This will
be pursued in future studies, leveraging historical spill datasets where available or

through collaboration with environmental monitoring agencies.

6. Conclusions

This study presents a comprehensive case of integrated hydrodynamic and atmos-
pheric modeling applied to Polyfytos Lake in Greece, combining the Delft3D
modeling suite with high-resolution meteorological data from the WRF model.
Through the simulation of water circulation and the transport of a hypothetical
oil spill, the research demonstrates the critical role of atmospheric forcing in de-

termining pollutant dispersion in inland water bodies.
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A key contribution of this work is the development and first-time deployment
of a Python-based preprocessing pipeline that transforms WRF outputs into
Delft3D-compatible meteorological input files. This codebase automates the con-
version of critical atmospheric parameters—including wind components, temper-
ature, humidity, pressure, cloudiness, radiation flux, and precipitation—into the
required formats for spatially and temporally resolved modeling in Delft3D. This
innovation significantly reduces setup time and technical complexity, offering a
reusable and scalable workflow for future modeling efforts in different geogra-
phies or scenarios. Furthermore, a comprehensive set of steps within the PART
(Particle Tracking) module is introduced.

Simulation results reveal that wind forcing is a dominant factor in shaping the
spatial distribution and intensity of oil spills. Initially, the HFO remains concen-
trated near the release points, but as wind speed and direction change—especially
with strong winds from the northeast—significant transport and spreading are
observed. By July 3rd, oil concentration peaks at over 13 kg/m? in localized areas,
emphasizing how meteorological dynamics accelerate surface dispersion. Subse-
quent model outputs show a gradual decline in surface concentration accompa-
nied by horizontal diffusion toward the western and northern sections of the lake.
This pattern suggests that natural degradation processes such as evaporation, dis-
persion, and emulsification begin to reduce the slick’s density while increasing its
overall footprint.

Validation with local meteorological station data confirms that the WRF model
accurately captures wind patterns and speed over the lake region, ensuring high-
fidelity atmospheric forcing. Grid resolution tests indicate that while finer grids
offer slightly more thermal precision (within 1.0% variation), a 200 m x 200 m
resolution provides a robust trade-off between accuracy and computational effi-
ciency, making it the optimal choice for large-scale operational modeling.

In summary, the case study illustrates how integrated hydrodynamic-atmos-
pheric modeling, supported by tailored coding tools, can enhance decision-mak-
ing for environmental monitoring, emergency response, and resource manage-
ment. The methodology is not only applicable to Polyfytos Lake but is also trans-
ferable and reproducible for other inland water systems facing similar environ-

mental challenges.
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