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ABSTRACT

Thermaikos Gulf, located in the northeastern Mediterranean Sea, faces significant anthropogenic
pressures and natural hazards, requiring reliable metocean forecasts for weather, ocean
circulation, sea levels, waves, and hazard predictions, including pollutant transport, coastal
floods, and freshwater discharges. The Wave4Us operational platform addresses these needs by
providing high-resolution and specialised forecasts, accessible to local authorities, researchers,
and the public. Additionally, on-demand predictions for marine pollution, coastal inundation,
and heatwaves offer real-time insights to emergency responders and coastal authorities during
hazardous events. This study presents the platform’s structure, modelling advancements, and
predictive skill for specific hazards. Forecast efficiency is evaluated against satellite and field
observations: (i) the simulated oil spill spreading is verified by satellite data; (ii) the modelled
freshwater discharges are validated against field measurements (high correlation, RMSE < 10%);
(i) @ pronounced river plume spreading is confirmed by ocean/tracer simulations and satellite
imagery; (iv) the prediction of sea level, wave conditions, and coastal flooding under a severe
low-pressure system is validated against measurements and documented events; (v) the marine
heatwave predictions is confirmed by comparing simulated and satellite sea temperatures (error
< 1%). These evaluations demonstrate the platform’s reliability in forecasting key environmental
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risks, aiding decision-making and response efforts in the Thermaikos Gulf region.

1. Introduction

Thermaikos Gulf (TG) is a naturally protected and par-
tially enclosed embayment in the north-western Aegean
Sea (Figure 1a), with two rather narrow entrances in its
northern part. It is influenced by various anthropogenic
stressors and natural factors. The littoral zone of TG is
approximately 250 km long, expanding from its north-
ernmost point near the coastal city of Thessaloniki
(1.1 million residents) and down to its southernmost
boundary with the open sea, at Kassandra Peninsula
(Figure 1a). The most important freshwater inputs are
provided by a system of two large (Axios and Aliakmo-
nas) and two small rivers (Gallikos and Loudias), an
intermittent river (Anthemountas), several ephemeral
streams, and a network of farming drainage channels
(e.g. Milovou and Chalastra), located mainly along the
western coastal zone (Figure 1b; Karageorgis et al.
2005). These freshwater sources are crucial for the
hydrology and ecology of the gulf, influencing its

seawater quality, nutrient levels, benthic health, and
ecosystem dynamics (Kaberi et al. 2023; Androulidakis
et al. 2024a), as well as the stratification, circulation
and renewal of the gulf (Krestenitis et al. 2012; Androu-
lidakis et al. 2023a). Agricultural and aquacultural
activities are scattered along the western areas, whereas
urban, industrial, and touristic zones are primarily con-
centrated in the northern and eastern regions of the
gulf. Maritime traffic and port operations are additional
pressures to the marine environment, especially over the
northern parts of the gulf. The environmental vulner-
ability of the TG is linked to several factors such as eutro-
phication events (Genitsaris et al. 2019), frequent
hydrocarbon releases (Zafirakou 2019), marine plastic
pollution (e.g. Tzioga and Moriki 2023), chronic coastal
erosion areas (Kombiadou and Krestenitis 2012), flood-
ing over low-lying areas (Figure 1c; Androulidakis et al.
2023c), fisheries’ overexploitation (Dimarchopoulou
et al. 2024), hazardous weather events (Pytharoulis
et al. 2016; Pytharoulis et al. 2021), and intense Marine
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Figure 1. (@) Domains of the WRF-ARW-AUTh model, HEC-HMS model (red lines: drainage basins; blue lines: river network). The insert
Mediterranean map marks the location of Thermaikos Gulf (TG). (b) Bathymetry (m) of the Delft3D-Thermaikos model grid with river-
mouth freshwater point sources (light blue fonts), Thessaloniki Bay, NATURA 2000 areas (purple hatches), Niseli station at Aliakmonas
river, Thessaloniki airport station (meteorological), Thessaloniki port station (tide-gauge). (v) Domains (red squares) of the CoastFLOOD
model over a 5 m Digital Elevation Model (DEM) background; colour scale represents land elevation in metres.

Heatwaves (MHWSs; Androulidakis and Krestenitis
2022). The water quality in the TG degraded significantly
during the 1970s and 1980s, mainly due to population
increase and the complete absence of urban and indus-
trial wastewater treatment (Androulidakis et al. 2024a).
While a trend of gradual improvement has been observed

since the 1990s, the desired objective of achieving a ‘good
environmental state’, as mandated by national legislation
and EU directives, has yet to be fully accomplished,
despite the high percentage of population (88% in 2015;
Prochaska and Zouboulis 2020) connected to tertiary
Wastewater Treatment Plants (WTP).



The high socioenvironmental importance of TG
stems primarily from: (a) the densely populated coastal
zone and accompanying infrastructure and (b) the exist-
ence of important wetlands and protected areas, predo-
minantly located along its western coasts, with large
river deltas and NATURA 2000 areas (Figure 1b; Kaberi
et al. 2023). However, after reviewing the relevant scien-
tific literature, Androulidakis et al. (2024a) documented
a decline in field monitoring initiatives of the TG during
the last decade; the decline was drastic enough to cur-
rently classify TG in the data-poor areas in terms of
field observations. TG is also a coastal system of particu-
lar interest towards the digital transformation, advo-
cated by the EU strategic priorities until 2030
(European Commission 2023). Consequently, daily
high-resolution short-term predictions of prevailing
environmental conditions, such as weather patterns
and marine characteristics, is of paramount importance
and necessity (Androulidakis et al. 2024a), especially in
the absence of a consistent and reliable monitoring net-
work. As health and safety levels are profoundly
influenced by the state and quality of the marine
environment, particularly within the context of climate
change, these types of forecasts, along with targeted
mid- and long-term simulations considering climate
scenarios, can offer valuable insights to relevant stake-
holders, including authorities, professionals, the scien-
tific community, and, of course, the citizens residing
in coastal areas.

Large-scale regional forecasting platforms for atmos-
pheric and ocean predictions that cover the TG, are
available by the Copernicus Marine Service (2024) for
the Mediterranean Sea (CMS; Coppini et al. 2023) and
from other operational platforms for regional seas,
such as the POSEIDON System (2024), operating in
the Aegean Sea (Korres et al. 2002) and the Aegean-
Levantine Forecast System (ALERMO 2024; Skliris
et al. 2007). However, their spatial resolution is low
and cannot support operational products over the TG
and other densely populated coastal areas along the
Mediterranean coast. This gave rise to the development
of several high-resolution early warning systems, such
as the Balearic Islands Coastal Observing and Forecast-
ing System (SOCIB 2024; Juza et al. 2016; Sotillo et al.
2021), the Hydro-Meteo-Climate Service of the Agency
for Prevention, Environment and Energy of Emilia-
Romagna (Arpae-SIMC; Biolchi et al. 2021), the Sistema
de Apoyo Meteoroldgico y Oceanografico de la Autori-
dad Portuaria for the ports of Spain (SAMOA 2024;
Sotillo et al. 2020; Garcia-Ledn et al. 2022), the Accu-
Waves platform for major Mediterranean ports (Makris
et al. 2021; Makris et al. 2024a), the high-resolution
COASTAL Forecasting system for the island of Crete
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(COASTAL CRETE 2024; Spanoudaki et al. 2021), the
Cyprus Coastal Ocean Forecasting System (CYCOFOS
2024; Zodiatis et al. 2003), the South Eastern Levantine
Israeli Prediction System (SELIPS 2024; Tintoré et al.
2019), the Coastal Environmental Observatory for
Northern Aegean (AEGIS 2024; Zervakis et al. 2023),
and the Wave4Us (http://wave4us.web.auth.gr) fore-
casting platform in the TG (Krestenitis et al. 2014).
Wave4Us is developed and maintained by the Labora-
tory of Maritime Engineering and Maritime Works
(LMEMW) of the Aristotle University of Thessaloniki
(AUTh; Greece) and was initially set to provide daily
forecasts of sea level, ocean circulation, wave and weather
conditions (Krestenitis et al. 2015). The system has
evolved since, with improvements to modelling
approaches, integration of freshwater influx and
additional operational and on-demand forecast products,
tailored to the vulnerabilities of the system to natural and
anthropogenic hazards. The performance of some of the
modelling components of the platform’s integrated fore-
cast suite has been evaluated using both field and satellite
observations (Pytharoulis et al. 2015a; Pytharoulis et al.
2015b; Krestenitis et al. 2017; Androulidakis et al. 2021;
Makris et al. 2021; Pytharoulis et al. 2021; Androulidakis
et al. 2023a; Makris et al. 2023a; Androulidakis et al.
2023b; Androulidakis et al. 2023c).

Here, we describe the structure and capabilities of
the Wave4Us operational platform, in terms of specific
model components, integration and data flow, allow-
ing for the replicability of the approach in similar sys-
tems. In its present form, Wave4Us is a forecasting
platform that presents various novelties, as it offers:
(a) very high spatial detail and high level of model
integration, necessary to account for all major forcing
factors and physical processes; (b) unique prognoses of
freshwater influence to the thermohaline stratification
and circulation of the Gulf; (c) targeted, on-demand,
products to assist key stakeholders in mitigating mar-
ine and coastal hazardous events (marine pollution,
coastal flooding or maritime accidents). Aside from
elaborating on the approach, the present study aims
to identify the main strengths and weaknesses of the
system by assessing model skill for specific and charac-
teristic examples of recent extreme events in the TG,
as well as to highlight important and characteristics
processes that are often overlooked in similar systems.
Additionally, the set of provided model applications is
based on the specific needs of local stakeholders (e.g.
protection against marine pollution and coastal flood-
ing), which are not accommodated by other oper-
ational platforms.

Section 2 describes the main components of
Wave4Us, focusing on recently incorporated elements
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of the platform for specialised forecasting products. In
Section 3, we showcase the operational system’s per-
formance in simulating specific natural and human-
related hazardous events. Section 4 summarises con-
clusions and discusses future steps.

2. Methodology

The Wave4Us platform covers several processes that
affect the marine environment and the coastal zone of
the TG, addressed with meteorological, hydrological,
hydrodynamic, wave, particle-tracking, and coastal
flooding simulations. The model grids cover different
regions of the study area, with a broader domain for
the atmospheric and hydrological models (Figure 1la),
the TG domain for hydrodynamic, wave, and particle-
tracking models (Figure 1b), and the finer resolution
domains for the coastal flooding model over the north-
ern TG (Figure 1c). The main modules of the modelling
platform, the respective predicted parameter fields, and
the coupling scheme for the system’s components are
presented in Figure 2. The operational modules of the
platform (meteorology, hydrology, circulation, storm
surges and waves) have varying degrees of coupling,
depending on the modelled processes and the related

main forcing factors (Figure 2). Wave4Us provides 3-
day forecasts, updated daily at 08:30 UTC, with pro-
ducts uploaded on the Wave4Us website as spatial dis-
tributions and time-series and/or cross-sections in
areas of interest (selectable through the ‘Results type
selection’ drop-down menu). On-demand services,
such as tracers of pollutants due to accidents (e.g. oil
spills) and connectivity pathways to assist search-and-
rescue actions, are also provided after direct (e-mail or
telephone) requests to LMEMW. The main attributes
of the system’s modelling components are described
below.

2.1. Meteorological forecasts

High-resolution forecasts of the meteorological con-
ditions are conducted with the Weather Research
and Forecasting model with the Advanced Research
dynamic solver (WRF-ARW; Wang et al. 2014) by
the Laboratory of Meteorology and Climatology of
AUTh (WRF-ARW-AUTh 2024; Pytharoulis et al.
2015a, 2015b). The integrated weather forecast system,
with a 96-hour forecasting horizon, relies on three
one-way nested meteorological simulations over
three domains of gradually decreasing coverage and

Waved4Us Operational Forecast System

Thermaikos Gulf (NW Aegean Sea)

WRF-ARW-AUTh

Meteorological Forecasts

Delft3D-Thermaikos
4 Ocean Circulation Forecasts

HiReSS
Storm Surge/Tides Forecasts

WaveWatch-lll
Wave Forecasts

HEC-HMS
Hydrological Forecasts

CoastFLOOD
Coastal Flood Forecasts

Delft3D-Part
Tracer & Qil Forecasts

Winds, temperature, SLP,

1.67 km precipitation etc.
300-700 m Physical parameters, ocean
currents etc.
1.67 km Sea level, astronomical tides,

barotropic currents

Significant wave height, peak

1.67 k : : :
¢ spectral period, mean direction

River discharge rates, river
water level, drainage, runoff

5m Inundation areas, floodwater
heights and velocities
300-700 m Oil spill estimations, fate of

tracers and pollutants

Daily 3-day forecasts over Thermaikos Gulf

On-demand predictive implementations for oil spill accidents, search & rescue,

pollution events

Figure 2. Wave4Us operational platform (modules, interactions, coupling schematics, model resolution, and featured output).



increasing resolution: (i) over the European continent
(15km x 15 km grid; domain d01), (ii) over the cen-
tral and eastern Mediterranean (including Apennine
and Balkan peninsulas; 5km x 5km grid; domain
d02), and, (iii) the wider Central Macedonia region
(1.67km x 1.67 km grid; domain d03; Figure 3).
The marine area of interest (TG) is integrated at the
high horizontal domain d03 (Figure 1la) that rep-
resents the complex physiographic characteristics of
Central Macedonia. The boundary conditions for
d03 are provided by the forecasts of domain do02.
All three domains employ thirty-nine sigma levels
(up to 50 hPa) with higher vertical resolution near
the surface. The produced hourly atmospheric datasets
consist of wind velocities, sea level pressure, air temp-
erature, relative humidity, cloudiness, surface heat
fluxes, and precipitation fields. The meteorological
model is initialised daily at 12:00 UTC of the previous
day, using the global analysis of the Global Forecast-
ing System (GEFS) of the National Center for Environ-
mental Prediction (NCEP) with a grid spacing of 0.25°
x 0.25°. The global forecasts of GFS are used for
boundary conditions of the outer domain (domain
do1) of WRF-ARW-AUTh. The GFS global analyses/
forecasts are widely used by numerous international
modelling groups as initial/boundary conditions for
the operational production of numerical weather pre-
dictions, due to their quality, resolution and uninter-
rupted availability without any cost. The Sea Surface
Temperature (SST) values are based on the daily glo-
bal dataset of NCEP (of the day before the model
initialisation) with a grid spacing of 1/12° x 1/12°.
In terms of process parameterisation, WRF-ARW-
AUTh uses the following schemes: Ferrier (Rogers
et al. 2001) for microphysics, Betts-Miller-Janji¢
(Janji¢ 1994) for cumulus convection in the two
outer domains, RRTMG (rapid radiative transfer
model application for global climate models; Iacono
et al. 2008) for radiation, Mellor-Yamada-Janji¢ (Mel-
lor and Yamada 1982; Jani¢ 2002) for the boundary
layer, Monin-Obukhov (Eta; Janji¢ 1994) for the sur-
face layer and the NOAH (NCEP/Oregon State Uni-
versity/Air Force/Hydrologic Research Lab) Unified
model (Chen and Dudhia 2001) for soil processes
(in 4 layers down to 2m below land surface). The
daily meteorological forecasts for all domains are
freely available on the website (WRF METEO
AUTH) of the Department of Meteorology and Cli-
matology of AUTh. The WRE-ARW-AUTh modelling
system setup has been validated for large periods, var-
ious synoptic conditions, and extreme events (Pythar-
oulis et al. 2015a; Pytharoulis et al. 2015b; Krestenitis
et al. 2017; Pytharoulis et al. 2021; Androulidakis et al.
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2023c). The output of the 12-96 forecast hours (i.e.
3.5 days ahead) are used to force the hydrologic,
hydrodynamic, and wave simulations (Figure 2).

2.2. Hydrological forecasts

Riverine freshwater influx to the TG is a critical factor
for stratification and circulation in the gulf (Krestenitis
et al. 2012). To account for these influences, the daily
discharge rates at the freshwater sources around the
TG are provided by the Hydrologic Modeling System
(HEC-HMS 2024; Androulidakis et al. 2021), associated
to the respective drainage basins over the Central Mace-
donia (Frysali et al. 2023; Figure 1la). The main fresh-
water input of the TG comes from four perennial
rivers (Gallikos, Axios, Loudias, and Aliakmonas; Figure
1b), with lower and occasional outflows by the Anthe-
mountas intermittent river (Figure 1b) and by the com-
plex network of streams, torrents, irrigation canals, and
trench drains of the area (e.g. Chalastra sub-basin;
Figure la). The main stem of the Aliakmonas River is
completely controlled by the dams built along its course,
with a cascade of five large dams that are used for power
generation and to cover the needs for irrigation and
water supply of the wider region. HEC-HMS simulates
the complete hydrologic processes of the entire dendri-
tic watershed systems, including many traditional pro-
cedures of hydrologic analysis, such as
infiltration, unit hydrographs, and hydrologic routing.
To account for even the smallest freshwater inflows to
the TG, HEC-HMS was integrated into the Wave4Us
system not only for major rivers, but also for the inter-
mittent and ephemeral stream networks (Figure 1b).
The freshwater inflows from the six main sources dis-
charging into the basin, used as input for the circulation
forecasts (see Section 2.3), were parameterised based on
the following:

event

e Evapotranspiration: Meteorological data for precipi-
tation and atmospheric temperature (from WREF-
ARW-AUTh).

» Digital Elevation Map: EEA-10 (2024) by the Coper-
nicus platform.

¢ Basic Land Cover data: Corine Land Cover 2018.

e Other Land Cover data: Pan-European High-
Resolution Layers about imperviousness, forests,
grasslands, water bodies & wetness, small
woody features by the Copernicus platform
(CLMS 2024).

¢ Soil Data: 3-D Soil Hydraulic Database of Europe
(European Soil Data Centre 2024).
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was at 12:00 on 24/01/2019. The red boxes mark the exact location of domains d02 and d03 in d01 and d02, respectively.



e Outflow of Aliakmonas river dams: estimated from
electric power production data and the daily degree
of reservoir filling rates (ADMIE 2024).

More detail on the HEC-HMS implementation and
the evaluation of simulated freshwater outflows against
in situ measured flow rates of Aliakmonas River can be
found in Frysali et al. (2023).

2.3. Hydrodynamic circulation forecasts

The circulation simulations are based on the FLOW
module of the Delft3D (Delft3D-FLOW; Deltares
2024a) modelling suite. The model is implemented by
sigma-layer configuration in the vertical, covering the
TG (Delft3D-Thermaikos) with a curvilinear grid (100
x 126) of varying spatial resolution, from 700 m in the
southern to 300 m in the northern basin, to allow for
higher resolution in the coastal shallower regions
(Figure 1b; Androulidakis et al. 2021; Androulidakis
et al. 2023a). The Delft3D-Thermaikos model solves
the non-linear shallow water equations, derived from
the Navier-Stokes equations for incompressible free-
surface flow (Gerritsen et al. 2007). The boundary con-
ditions, i.e. physical properties in the water column
along the open southern boundary of the model with
the Aegean Sea (Figure 1b), are derived from the Med-
iterranean Forecasting System (MFS 2024; Clementi
et al. 2019; Coppini et al. 2023), distributed through
the CMS Mediterranean Sea Physics Reanalysis dataset
(Simoncelli et al. 2019). The MFS dataset, used in
Wave4Us, is the MEDSEA_ANALYSISFORECAST_-
PHY_006_013 that consists of hourly physical variables
over the entire water column (~4 km horizontal resol-
ution; 141 vertical sigma layers). The meteorological
forcing consists of 3-hourly fields of zonal and meridio-
nal wind components, sea level pressure, air tempera-
ture, relative humidity, cloudiness, and precipitation,
derived from the WRF-ARW-AUTh model (see Section
2.1). The freshwater input of Delft3D-Thermaikos is
based on the discharge rates predicted by HEC-HMS
(see Section 2.2). For the Axios and Aliakmonas river
sources, the freshwater influxes (typically the highest
in the domain) are introduced over 8 and 3 model
cells, respectively, to better represent the deltaic dis-
charges. The Delft3D-Thermaikos simulation provides
3-hourly forecasts of physical properties for the entire
water column (e.g. temperature, salinity, density, cur-
rents). Androulidakis et al. (2021; 2023a) discussed in
detail the model setup (e.g. initial, boundary, and for-
cing conditions; parameterizations and riverine fresh-
water input) and its performance, based on in situ
measurements (for salinity, temperature, and Eulerian
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current velocities), satellite observations, and Lagran-
gian drifters (ocean currents and tracking pathways).

2.4. Storm surge and tide forecasts

The numerical simulation of the barotropic hydrodyn-
amics is based on the High-Resolution Storm Surge
(HiReSS) numerical model, developed in the LMEMW
in AUTh (de Vries et al. 1995; Krestenitis et al. 2011).
HiReSS simulates the 2-D barotropic mode of the
hydrodynamic circulation in large water bodies,
enclosed seas, gulfs, and coastal areas over a shoaling
continental shelf, based on the shallow water equations
(Makris et al. 2019). HiReSS takes into account several
combined processes, such as the inverse barometer
effect (response of sea level to atmospheric pressure gra-
dient of large barometric systems), shear stresses of
wind applied on the air-sea interface, geostrophic Cor-
iolis forces on large water masses, astronomical tides,
ocean bottom friction, and turbulence of horizontal vor-
tices through the eddy viscosity parameterisation. The
TG domain of HiReSS has a spatial resolution of
approximately 1.67 km and considers the effects of
astronomical tides on barotropic circulation through a
static model parameterisation (Schwiderski 1980; Kres-
tenitis et al. 2015; Androulidakis et al. 2023c). The latter
follows a formulation that combines the equilibrium
tidal potential with the self-attraction/loading effect
under specific coeflicient parameterizations (Matsu-
moto et al. 2000; Sakamoto et al. 2013; Makris et al.
2021). Meteorological forcing (atmospheric pressure
and winds) is derived from the WRF-ARW-AUTh fore-
casts over the TG (domain d03; Figure 3; see Section
2.1). The HiReSS forecasts over the TG receive bound-
ary conditions (sea level and barotropic currents) by a
broader application of the HiReSS model over the
Aegean  Sea  (http://coastal.web.auth.gr/ssm_Aeg
forecast.htm) that is also forced at its southern bound-
ary from a respective Mediterranean Sea application
(http://coastal.web.auth.gr/ssm_Med_forecast.htm;

Androulidakis et al. 2023¢). Both the Aegean and Med-
iterranean HiReSS simulations are forced by the
respective. WRF-ARW-AUTh applications’ outputs
(domains d01 and d02 in Figure 3; Section 2.1) over
the same domains. The Sea Level Height (SLH) forecasts
provide information about potential storm surges or sea
level depressions, especially during low atmospheric
pressure systems that may affect the TG’s coastal zone.
SLH forecasts are also used for the coastal inundation
predictions of the Wave4Us platform (see Section 2.6).
Further description of the mathematical equations and
thorough validation of the HiReSS model against satel-
lite and field observations can be found in Krestenitis
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et al. (2011; Krestenitis et al. 2015; Krestenitis et al.
2017), Androulidakis et al. (2015, 2023c), and Makris
et al. (2016; Makris et al. 2019; Makris et al. 2021; Makris
et al. 2023a).

2.5. Wave forecasts

The predictions of wave train characteristics (significant
wave height, Hg; peak spectral period, T,; mean direc-
tion of irregular wave propagation, ¢,,) are based on
simulations with WaveWatch-III (WW-III). The
model is a well-documented and widely implemented
3rd generation model for wind-generated spectral
waves by the Marine Modeling and Analysis Branch
of the NCEP. Its modules solve the wave-action balance
equation based on the wave variance density spectrum
and intrinsic wave frequency (Bretherthon and Garrett
1968). WW-III can simulate spectral wave shoaling
and refraction due to changes in the mean water
depth and current velocities. It further considers several
physical processes, e.g. wind-induced wave growth,
nonlinear wave-wave interactions, resonance in semi-
enclosed basins, offshore wave energy dissipation
(white-capping effect), depth-limited wave breaking,
wave energy decay and scattering due to wave-bottom
friction (WW3DG 2016). The incorporation of WW-
III in the forecasting platform also follows a nested
approach, with two levels of implementation over the
Aegean Sea and the TG domain, with the same resol-
ution as HiReSS (Section 2.4). Hourly wind forcing is
provided by WRF-ARW-AUTh outputs (Section 2.1;
domains d02 and d03 shown in Figure 3).

The WW-III simulations use a cold-start initiation
(i.e. calm conditions) with a respective warm-up period
to ensure a fully developed sea regime, and further
incorporate the Ultimate Quickest numerical scheme
(Tolman 2002) and a stability correction algorithm
(Abdalla and Bidlot 2002). Depth-limited wave energy
dissipation follows the classic Battjes and Janssen
(1978) wave-breaking concept assuming that the total
irregular wave energy dissipation is distributed over
the entire spectrum so that it does not change the spec-
tral shape (Eldeberky and Battjes 1996), while the bot-
tom friction is tuned for JONSWAP spectra in shallow
waters according to Tolman (1991) (WW3DG 2016).
The white-capping effect, which is fairly evident in
semi-enclosed seas (Shao et al. 2023), such as the TG,
especially when typical local aeolian patterns (e.g. Var-
daris, a regional offshore blowing ravine wind) prevail,
is also parameterised because it can result in choppy
sea waves and may affect local maritime transportations.
Following the concept of Rogers et al. (2012), waves that
break when they exceed a generic steepness to add to the

cumulative dissipative effect due to breaking are
included. Triad and quadruple wave-to-wave resonant
interactions are considered by means of a Discrete
Interaction Approximation (DIA) in version 3.14 (Tol-
man 2008). Note that the swell regime in the northern
Aegean Sea, specifically in the naturally protected
semi-enclosed TG, is not particularly strong or signifi-
cant compared to other exposed regions of the Mediter-
ranean. Local wind conditions play a more critical role
in wave generation than distant swells in the Gulf,
which is influenced by seasonal wind patterns, such as
the Etesian winds (also known as Meltemia) in the sum-
mer or local winds (e.g. Vardaris), that can cause
choppy wave conditions locally. However, these con-
ditions are more related to wind-driven waves rather
than long-period swells generated in the open ocean.
As noted in Soukissian et al. (2008), relatively short
fetch durations and lengths and relatively low swells
are characteristic features of the Aegean Sea, especially
along the north-to-south, east-to-west and vice versa
directions. Furthermore, Emmanouil et al. (2016) in
their high-resolution study of wind, sea waves and
wave energy assessment in the Aegean have shown
that the Cyclades islands’ domain in the Aegean Archi-
pelago reduces the aeolian potential (wind speeds) in the
area and further does not allow the swell to cross the
region of the central Aegean, from south to north, creat-
ing a shadow effect on the leeward side of the islands.
They also pinpoint that the wave power potential,
related to swell seas, is minuscule in the TG based on
their analysis of mean/max values, their standard devi-
ations, kurtosis, etc. Comparisons with satellite obser-
vations are provided in Appendix A. The Wave4Us
system also provides information on the wave con-
ditions based on the Douglas Sea Scale for navigation
and marine weather conditions.

2.6. Coastal flooding forecasts

The coastal inundation service is a new addition to the
Wave4Us platform, providing estimations of the poten-
tial flooding under combined SLH (from the HiReSS
model; Section 2.4) and wave-induced setup (from the
WW-III model; Section 2.5) conditions over the coastal
zone of TG. The potential seawater elevation refers to a
representative value of the integrated sea level elevation
at the shoreline for each discrete forecast timeframe (i.e.
a 3-hourly integral). The WW-III model output refers to
a characteristic 3-hourly value for each of the Hy, Tp,, ¢us
representative of a mixed seas regime. These features
feed the calculation of the wave setup (WS) in order
to add it to the SLH derived from the HiReSS model.
The WS is calculated separately by the semi-analytic



approach for the transformation of random wave
characteristics from offshore to shallow coastal waters
provided by Galiatsatou et al. (2019). The input of the
necessary wave characteristics (Hs, Ty, ¢,,) is provided
by the WW-III forecasts on the last coastal cell of the
spectral wave model. Therefore, one assessment of the
single highest possible Total Water Level (TWL=SLH
+WS) on the coast is produced every 3 hours to force
the CoastFLOOD simulations, which in turn produce
estimations of potential inundation of the littoral zone
around the TG.

CoastFLOOD (Makris et al. 2023a) is a hydraulic
model for seawater overland inundation running on
very fine grid (2-5 m) on the inland coastal areas (Figure
Ic). CoastFLOOD is a lowered complexity, shallow
water equation, hydraulic flood flow model, operating
on arbitrary land-elevation features for the 2-D simu-
lation of coastal inundation over complex inland ter-
rains (Bates et al. 2010). It uses the raster-based
concept of depth-averaged, 2-D horizontally decom-
posed, mass balance, Manning-type flow equations
over five discrete fine rectangular grids of Digital
Elevation or Digital Surface Models (DEM or DSM)
for the natural or artificial settings of the study area,
respectively. The TG floodplains contain agricultural
farmlands, estuaries, small lagoons/ponds, and beaches
(Skoulikaris et al. 2021; Androulidakis et al. 2023¢) or
coastal urban sites, engineered waterfronts, port
areas, etc. (Makris et al. 2023a; Androulidakis et al.
2023b).

CoastFLOOD can provide estimations of the possible
extent of flood inundation over coastal low-land areas,
the local seawater height above the inundated ground,
and the maximum floodwater velocities around build-
ings, at property-level, on roads and other open spaces
(Makris et al. 2024b). The model considers the wetting
and drying of each computational grid-cell during the
integration process on a von Neumann neighbourhood
square grid with a meridional to zonal direction break-
down of the flow locally. Computations are pro-
grammed to stop when the farthest possible flooded
cell away from the shoreline boundary is reached, i.e.
the model is not allowed to simulate the retreat of sea-
water back to the marine environment to save compu-
tational time. The flow rates over each cell and at any
direction are influenced by an effective Manning-type
bottom friction approach calibrated by the fine-scale
local characteristics of terrain roughness. Based on a
variety of sources in the relevant technical literature,
an all-inclusive list of Manning coefficient, n, values is
created, by discretizing 43 classes (Makris et al. 2024b)
obtained as a best-match to the Corine Land Cover
CLC-2018 data codes.
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The implemented land-elevation raster is produced
by the highest resolution available geospatial datasets
from the official DEM/DSM of the Hellenic Cadastre
on a GGRS87 projection. The TG has historically
experienced coastal erosion, particularly along sandy
shores, with some areas seeing changes of several metres
per year. However, most of the coastline remains stable
due to natural protection. Significant shoreline modifi-
cations have resulted mainly from human interventions,
such as the airport runway extension (2010-2015), but
these changes have already been incorporated in the lat-
est available high-resolution DEM (Hellenic Cadastre,
2024) used in our system. In general, short-term
storm surges and sea level forecasts from the Wave4Us
platform are not significantly affected by gradual ero-
sion patterns, as the primary drivers of coastal flooding
are extreme weather events. If erosion rates exceed sev-
eral metres per year, DEM updates every five years are
recommended, but the upgrades of national DTM pro-
ducts by the Hellenic Cadastre are scheduled only every
ten years (the next one after 2026-2027).

Simulations consist of scenario-based runs of the
most hazardous situation, i.e. high sea level on the coast-
line, within a 3-hour timeframe to simulate large-scale
inundation due to sea level elevation (not an actual
flood wave simulation of the second-to-second or min-
ute-to-minute movement of seawater runup or overtop-
ping on the coastal boundary and waterfront). It is
further noted that the inundation model does not
account for floodwater transpiration, ground infiltra-
tion or flow in subterranean sewage networks. However,
it can consider most of the topographical peculiarities of
the potentially flooded terrain in the coastal zone, such
as engineered settings (urban infrastructure, buildings,
roads, etc.) and natural floodplain formations (farm-
lands, forested areas, bare or stony lands, pastures,
etc.) (Murdukhayeva et al. 2013; Kahl et al. 2024).

2.7. Marine pollution forecasts

The most recently included service on the modelling
chain of the Wave4Us system is based on the D-Particle
Tracking Lagrangian module of the Delft3D suite
(Delft3D-Part). It can estimate the dynamic evolution
and the spatial (sub-grid scale) concentration and distri-
bution of individual particles by following their tracks in
time and it is forced by the Wave4Us hydrodynamic
forecast outputs (Delft3D-Thermaikos; see Section
2.3). Delft3D-Part has been used in a variety of appli-
cations and areas to track different pollutants and tra-
cers in the marine environment, such as plastic debris
(i.e. Raimundo et al. 2020), wastewater discharges (i.e.
Bleninger and Jirka 2004), oil spills (i.e. Wang et al.
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2017; Marinho et al. 2021), dispersion of biochemical
material (i.e. Pinton and Canestrelli 2020; Buccino
et al. 2022), larval transport (i.e. Takeshige et al
2015), losses at sea (i.e. Gonzalez et al. 2022), etc.
More detailed information about the Delft3D-Part para-
meterizations is described in the model’s manual (Del-
tares 2024b).

The model domain and grid are the same as the ones
used for the hydrodynamics, covering the entire TG
(Figure 1b). This service is provided to users on-
demand, to predict the fate of tracers (Lagrangian par-
ticles) in the event of marine pollution accidents (e.g.
oil spills), pollutant intrusion from land sources (e.g.
flash floods and polluted freshwater input), and neces-
sity of search and rescue actions in the marine environ-
ment. Depending on the substance characteristics, the
model can be used to simulate (conservative or decay-
ing) passive tracers (Tracer mode) or oil particles (Oil
mode). The displacement of each particle consists of a
deterministic part, accounting for advection (and
potentially settling) and a stochastic part, expressing
dispersion. As the magnitude of the latter is determined
by the local dispersion and the time step in the model,
while its direction is random, the method used is
often referred to as the ‘random walk method’. Charac-
teristics such as the initial conditions of the release, the
type of release (e.g. instantaneous or continuous),
release point (e.g. location and depth), type and mass
of pollutants (e.g. type of oil, mass, release rate),
among others, can be parameterised accordingly,
depending on the pollution event. In a continuous
release the specified number of particles is distributed
over the complete simulation time.

3. Results

The main hazards and environmental stressors of TG
are related to pollution events (e.g. from activities
related to agriculture, aquaculture, industry, residential
infrastructure, marine transportation and ports), coastal
flooding (by storm surges and waves) over low-lying
areas, and formation of MHWSs due to intense atmos-
pheric heatwaves. Examples of such events, selected
based on to (i) their importance in terms of the potential
impact on the coastal environment and (ii) the avail-
ability of observations for comparison, are presented
below, focusing on the predictive skill of Wave4Us. Sat-
ellite and field observation data were used. The former
provides wider spatial coverage, but can generally have
lower temporal resolution, meaning the measurements
for a given location cannot provide continuous infor-
mation (e.g. every few days or weeks, depending on
the satellite’s orbit and revisit time). The latter have

higher temporal resolution, often capturing data con-
tinuously or at very frequent intervals, however, cover-
ing much smaller areas, usually at localised points (e.g.
buoys). The indicative events presented here are primar-
ily associated with the on-demand forecasting products
of the platform (coastal flooding, pluvial and fluvial
flooding, pollution and oil spill tracking). Specifically,
the analysed cases are:

e Succesive severe low-pressure system that evolved
over the Central Mediterranean from the 22nd to
the 27th of January 2019 (Foivos Storm; Kotroni
et al. 2021) and affected almost the entire Greek ter-
ritory, causing extensive landslides and floods
(Kotroni et al. 2021). WRF-ARW-AUTh forecasts
during the storm are presented in Section 3.1.1.
The potential seawater inundation during the storm
over the coastal areas of the TG was simulated by
CoastFLOOD, using meteorological (WRF-ARW-
AUTh), SLH (HiReSS) and wave (WW-III) model-
ling results, and is described in Section 3.1.2.

o An oil spill of approximately 5,000 m* that was
detected in the northern part of TG (Thessaloniki
Bay; Figure 1b), due to an oil mass release at the
docking location of the permanent refinery supply
pipeline outside the Port of Thessaloniki in the
morning hours of November 4th, 2017. The accident
received significant public attention (Ertnews 2017)
and was also detectable by satellite ocean colour ima-
gery. As the semi-enclosed Thessaloniki Bay is the
most vulnerable area of the TG (Androulidakis
et al. 2024a) due to limited water renewal (Androuli-
dakis et al. 2023a), the impacts of such incidents
could be detrimental to the marine and coastal sys-
tem. The Wave4Us forecasts, related to the prevailing
metocean conditions and the oil spill evolution, are
presented in Section 3.2.

e A severe low-pressure system (Medicane Numa)
evolved over the central Mediterranean between the
12th and 19th of November 2017, causing 21 fatalities
and approximately US$100-10° of damages in Greece
(Toomey et al. 2022). Besides the direct hazards
related to the storm (e.g. flash floods, strong
winds), the increased precipitation rates led to large
freshwaters discharge into the marine environment.
Such intense inflows of riverine water may contain
high concentrations of nutrients and other pollutants
and, depending on the TG’s prevailing thermohaline
and hydrodynamic conditions, can lead to the for-
mation of eutrophication events (Androulidakis
et al. 2021). The simulated discharge rates during
the event and the spreading of the riverine waters



in the TG are evaluated against satellite imagery in
Section 3.3.

e MHWs are associated with increased seawater temp-
eratures and may significantly impact marine life,
coastal habitats, and economic activities in the coastal
zone (e.g. mussel cultures). An episode of very warm
waters can be characterised as a MHW in case of
extreme seawater temperatures (e.g. exceeding the
90" percentile), maintained for a significant period
of consecutive days (e.g. 5 days; Hobday et al.
2016). Especially for the area of the TG, long-term
(40 years) measurements have shown that MHWs
associated with significantly higher SST interannual
trends (0.52°C/decade; Androulidakis and Krestenitis
2022) compared with general trends over the eastern
Mediterranean Sea (0.40°/decade; Mohamed et al.
2019). The skill of the Wave4Us forecasting system
at detecting such events in the coastal enviroment
of the TG is evaluated using the Delft3D-Thermaikos
forecasts during one year (2017; Section 3.4).

3.1. Extreme event prediction: The case of Foivos
Storm

3.1.1. Storm prediction

Snapshots of the three WRF-ARW-AUTh model
domains, showing the main characteristics of Foivos
Storm at 12:00 UTC on 25/01/2019 are presented in
Figure 3 (SLP, precipitation and winds). WRF-ARW-
AUTh efficiently predicted the spatial distribution of
the storm that affected the biggest part of the Mediterra-
nean Sea and with very low-pressure levels in the Ionian
Sea (<990 hPa; Figure 2a). The storm-induced high pre-
cipitation rates over the entire region and the southerly
winds over the Aegean Sea, turning to southeasterlies
over the TG, are also shown in Figure 3. The WREF-
ARW-AUTh prediction of the low-pressure system
agrees with the operational analysis of the European
Centre for Medium-range Weather Forecasts
(ECMWF), which showed a minimum SLP of around
987 hPa for the cyclone at the time of the forecast.
The storm caused a severe barometric reduction of
approximately 25 hPa during the storm (<995 hPa)
over the TG on 24/01/2019, which was efficiently simu-
lated by WRF-ARW-AUTh (Figure 4a). However, the
model overestimated the peak intensity of the storm.
The Mean Absolute Error (MAE) of the mean SLP at
the meteorological stations of the Hellenic National
Meteorological Service at the airport of Thessaloniki
(40.517°N, 22.967°E), Greece (Figure 1b), was equal to
1.8 hPa during the entire month of January 2019 and
the period of the storm (Figure 4a). The normalised
RMSE was equal to 0.2%, while the statistically
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significant (pyae= Rp was almost 1 (0.98). The model
overestimated the 2 m air temperature (Figure 4b) and
the 10 m wind speed (Figure 4c) at this station
(MAE>0), but it successfully predicted their temporal
variability (R,>0.78). Regarding the overestimation of
the 10 m wind speed, one must keep in mind that the
model values are instantaneous, while the observations
have been derived from official SYNOP reports and
they correspond to 10-min averaged values. Similarly,
overestimation of the near-surface wind speed forecasts
in Greece, produced by high resolution limited-area
numerical weather prediction models, has generally
been reported in the literature (e.g. Koletsis et al.
2016; Boucouvala et al. 2021; Kartsios et al. 2021). The
MAE of the air temperature at the airport of Thessalo-
niki in the whole of January and in the period of Foivos
Storm was equal to 2.0 °K and 1.7 °K, respectively
(Figure 4b). The MAE of the 10 m wind speed at the
same station was equal to 2.2 m/s in January 2019, but
it increased to 2.5 m/s during the passage of the Foivos
Storm (Figure 4c). The normalised RMSEs for air temp-
erature and wind speed were less than 20%. It is noted
that the model errors are generally lower than in other
simulations of intense weather events in Greece (Mat-
sangouras et al. 2014, 2016; Pytharoulis et al. 2016; Kar-
acostas et al. 2018).

Figure 4d illustrates the statistical scores of the accu-
mulated precipitation (in the forecast horizon of 12 to
36 hours, to exclude the model spin-up) at the airport
of Thessaloniki in 6-hour and 24-hour intervals, using
a threshold of 0.1 mm. This threshold discriminates
cases with precipitation or no-precipitation. The
threshold was chosen as low because of the small num-
ber of events with strong precipitation at this station.
For example, there were only four cases with recorded
6-hour precipitation amount larger than 5 mm in Janu-
ary 2019. The scores of the 24-hour precipitation have
not been calculated during the Foivos storm, because
of the very small sample size. Regarding the 6hr precipi-
tation during the storm, the Frequency Bias (FBIAS; as
the number of predicted over the number of observed
events, with an optimum value of one) of 0.91 indicates
that the model slightly underestimates the number of
the precipitation events. The Probability of Detection
(POD; number of hits/ number of observed events)
reaches 0.73, the False Alarm Ratio (FAR; number of
false alarms/ number of predicted events) is equal to
0.2, while the accuracy of the model (Heidke Skill
Score, HSS), taking into account the random chance,
is 0.58. Similar results for POD and HSS are obtained
for the 6-hour precipitation in the whole of January
2019, while there is a small overestimation of the num-
ber of events (FBIAS=1.15) and doubling of FAR (0.42),
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Figure 4. Timeseries of the 3hr predicted (WRF-ARW-AUTh; red line) and observed (black line) (a) mean sea-level pressure (MSLP; hPa),
(b) 2 m air temperature (T; °C) and (c) 10 m wind speed (m/s) (all from 12 to 33 forecast hours) at the location of Thessaloniki Airport
Station (LGTS, World Meteorological Organization number 16622) for January 2019 when a severe low pressure system occurred (from
22 to 27 January 2019). The Mean Error (ME; positive values denote overestimation by WRF-ARW-AUTh), the Mean Absolute Error
(MAE), the Pearson Correlation Coefficient (Rp, *statistically significant value), and the normalised Root Mean Square Error (RMSE;
with maximum observation for T and Wind Speed, and minimum observation for MSLP) for N = 246 pairs are also shown for the entire
month of January 2019 and the period 22-27 January 2019 in brackets (48 pairs). (d) Statistical scores of Frequency Bias (FBIAS), Prob-
ability of Detection (POD), False Alarm Ratio (FAR) and Heidke Skill Score (HSS) of the 6hourly (6hr) and daily (24hr) precipitation
amount for the entire January 2019 and 22-27 January 2019, at the threshold of 0.1 mm in the 12 to 36 hr forecast period.

compared to the storm period. Regarding the total
amount of precipitation, the model predicted
69.43 mm (28.75 mm) in the whole of January 2019
(during Foivos storm, from 22 to 27 January) with an
observed amount equal to 60 mm (38.8 mm). The pre-
diction of the precipitation (occurrence, spatiotemporal
distribution, intensity) is among the most challenging
problems of numerical weather prediction. This is due
to the complex processes which are involved at various
spatial scales (from the large to the micro scale), the
difficulty of the model parameterizations to accurately
represent the moist processes, the errors in the input
datasets used to define the physiographic characteristics
(e.g. topography, land use) and the errors in the initial
and boundary conditions. Ebert (2008) argued that
although the high-resolution numerical forecasts look
realistic and are very useful, they have difficulty predict-
ing an exact match to the observations. The point error
statistics are also influenced by temporal misplacements
of the predicted precipitation, relative to the actual field.
This is verified by the scores of the 24-hour accumulated
precipitation in the whole January 2019 (Figure 4d) in
which POD reaches its optimum value of one (which

means that all the observed events were predicted),
FAR is reduced to 0.29 and HSS increases by 33% (rela-
tive to the 6hr scores) to 0.68.

3.1.2. Forecasting coastal inundation during the
Foivos storm

Continuing with the same low-pressure atmospheric
system that impacted the area in January 2019, we dis-
cuss the storm-induced flooding derived from Wave4Us
predictions during the storm. The prevailing weather
conditions (very low SLP<995 hPa; Figure 4a) gradually
caused an increase of the SLH from around 0.3 m on the
24™ of January, to over 0.4 m in the evening of the 25th
(Figure 5b). Tide-gauge measurements from the station
in Thessaloniki port confirm the simulated SLH varia-
bility during the storm (Figure 6a). The Pearson corre-
lation coefficient (Rp) between the observed and
predicted positive surges is Rp=0.67 (Pya1ue<0.001),
with RMSE=0.11 m and RMSE/SLH,pux 0s=29%. How-
ever, the normalised mean error, derived for the two
highest storm surge peaks on 24/01 and 25/01, is very
low and equal to 1.2%. The storm surge induced by
the system’s passage over the area reached levels
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Figure 5. Distribution of (a) significant wave height (H; in m) by WW-III, and (b) Sea Level Height (SLH; in m) by HiReSS on 24/01/19
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outer TG, 3: Axios delta, 4: Gallikos delta, 5: Thessaloniki city, 6: Mikro Emvolo, 7: Peraia coast, 8 & 9: east coast of the outer TG) are

marked in (a).

corresponding to the highest Storm Surge Index (SSI)
recorded for the region (0.35-0.40 cm), as defined by
Makris et al. (2016), using past and future climate pro-
jections. These surges, combined with wave-induced sea
level increases, pose a significant threat to coastal low-
land areas.

Increased wave heights were predicted for the eve-
ning of the 24™ (one day prior to the SLP minima) at
several areas of the TG domain, especially over the
more exposed southern TG (Hg>2m; Figure 5a).
Based on the Douglas Sea Scale, the prevailing wave
conditions over the southern gulf (<40.5°N) under the
effect of southeasterly winds during the Foivos storm
(24-27/01; Figure 3) were Moderate (>50%; Figure 5c),
while 4% of Rough conditions also occurred. The
TWL, derived from the combined storm surge and
wave setup (see Section 2.6), varied significantly along
the coast of the TG, with peak values on the 24th and
25th (Figure 6c). The highest TWLs were simulated
for the evening of the 24™ (>0.45 m) along the west
coasts (over the Axios Delta and southwards), due to
the combined effect of strong surges (~0.3 m; Figure
6a) and especially high significant waves (2-3 m; Figure
6b), with lower TWLs over the northern coasts of the
gulf (Figure 6¢). The less exposed northern gulf showed
Smooth wave conditions (<1 m; Figure 5c¢) and the
TWL was mainly controlled by the SLH. A second
TWL peak was captured on the 25" (Figure 6c), mainly

associated with the high SLH that affected the entire TG
coastline (Figure 5b).

The different origins (wave or SLH) of the increased
TWL played a role in the coastal inundation variability
in the TG (Figure 7). The combined effect of storm- and
wave-induced sea levels on January 24" inundated parts
of the western coastal zone with significantly high flood-
water levels (e.g. 0.6-0.8 m at Aliakmonas delta; Figure
7). Another inundated area, with lower flood heights
(0.2 m), was detected in the vicinity of Macedonia Air-
port of Thessaloniki (eastern coast of Thessaloniki Bay).
The next day (25/01; storm peak), the coastal flood effect
was different, with the TWL mainly controlled by a gen-
eralised SLH increase, accompanied by lower wave
heights along the north and west coasts (Figure 6b),
conditions that led to weaker inundation over the deltas
and more extended inundation over the eastern coast
(floodwater height of 0.4-0.6 m; Figure 7). The total
flooded area over the western and northwestern coasts
(model domains A and B in Figure 1c) was reduced
between the 24th and the 25th of January (Table 1),
with an accompanying increase over the northeastern
and eastern coasts (model domains C and D in Figure
Ic). The largest total flooded area was computed on
the 24™, covering approximately 18.6 km? (Table 1) of
the northern TG coastal zone. These results testify to
the ability of the Wave4Us platform in providing highly
detailed estimations of both sea level conditions and
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coastal flooding that may vary along the natural settings
or built areas of the TG’s coastline.

3.2. Oil spill accident in the northern TG

The simulated surface currents that prevailed during the
oil spill accident in the northern TG are given in Figure
8a, when the prevailing southeasterly winds reached
speeds over 9 m/sec (Figure 8b). Androulidakis et al.
(2023a) showed that the general circulation of Thessalo-
niki Bay under southerly winds consists of a cyclonic
pathway in the eastern part and an anticyclonic branch
along the western coasts that both meet in the central
area, forming a southward flow. The distribution of
the surface currents on 05/11 (one day after the acci-
dent; Figure 8a) is consistent with this circulation pat-
tern. The northward surface currents along the eastern
and western coasts of Thessaloniki Bay during the
event were between 0.1 and 0.2 m/sec (positive values
in Section S1; Figure 8d) and the southward flow in
the central bay and near the oil spill leak location was
around 0.1 m/sec (negative values in Figure 8d). The

oil spill directly expanded southwards, following this
central pathway, as verified by the ratio of Bands 2
and 11 (B2/B11; Kolokoussis and Karathanassi 2018)
of Sentinel 2 L1C imagery, captured one day after the
accident (05/11/2017; Figure 8c; Copernicus Data
Space Ecosystem 2024; pixel size: 10 m).

The oil spill modelling during the same period
assumed an Ekofisk type of oil and an initial oil mass
equal to 10 t. The main characteristics of the Delft3D-
Part set-up are presented in Table 2. The southward
oil expansion during the first day after the release
(Figure 8c) was adequately simulated by the oil spill
model (Figure 8e). Oil patches were further transported
by the prevailing anticyclonic circulation over the wes-
tern part of the Thessaloniki Bay (Figure 8a) towards
the northwestern shores (Figure 8e), where part of
them (10% of the total mass) were stranded on the
coasts, especially after 08/11 (Figure 8f). On 10/11, the
floating oil mass in the sea was estimated to be less
than half of the initial release (Figure 8f); the majority
of the oil mass evaporated during the first 10 days.
Note that precise information about the oil type, mass
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Figure 7. Inundated areas and Flood Water Level (m; above land elevation), derived from the coastal flooding forecasts (CoastFLOOD)
on 24/01/2019 21:00 and 25/01/2019 21:00 (left panels). Details over Area 7 (Macedonia Airport) during the same dates are also shown

(right panels).

released, and possible mitigation measures applied after
the accident would improve the accuracy of the simu-
lations, but were not made available by the responsible
company. Although the simulation results presented
were based on assumptions for oil model characteristics,
the integrated model suite provided efficient estimations
about the prevailing circulation and the spreading of the
oil spill.

Table 1. Daily maximum flood area (km?) for each of the four
CoastFLOOD model domains (Figure 1c).
Maximum Flood Area (km?)

Model Domain A B C D ALL

24/01/2019 5.59 11.65 0.26 173 18.61
25/01/2019 4.08 9.54 0.34 3.06 16.28
26/01/2019 3.18 6.16 0.29 2.87 12.49

3.3. Prediction of extreme freshwater outflow
and spreading of riverine waters: The case of
Medicane Numa

The increased precipitation rates during Medicane
Numa (18-20/11/2017) significantly increased the fresh-
water discharges into the TG, especially for the Aliak-
monas River (>200 m?®/sec on 20/11/2017; Figure 9).
The simulated freshwater outflows in the TG were eval-
uated against available flow rates, estimated through a
stage-discharge curve and in situ measured stage data
for the period of 2018 to 2020 (Appendix A; Figure
A2; measurements for 2017 were not collected).

Figure 10a presents the river plume extension on 20/
11/2017, based on the satellite-derived turbidity
(Nephelometric Turbidity Units: NTU), derived from
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Table 2. Characteristics of the oil model (Delft3D-Part).

Parameter Value
Oil Type Ekofisk
Oil mass (t) 10
Density (kg/m?) 890
Kinematic viscosity (cSt) 1500
Evaporation (1/day) 0.5
Maximum water content (0-1) 0.7
Stickiness probability (0-1) 0.5

Fraction at which emulsification starts 1
Emulsification parameter
Volatile fraction (0-1)

an algorithm that was introduced and tested by Amran
and Daming (2023); the model uses Bands 2 (blue), 3
(green) and 8 (NIR) of Sentinel 2 L1C, to estimate the
coastal turbid waters that represent the river plume.
The signal of the river plume is observed along the
southwestern coasts (>4 NTU), while brackish waters
were also detected over the central TG (~2 NTU;
40.4°N). The simulated salinity distribution, derived
by the Delft3D-Thermaikos model, predicted these pat-
terns, with salinity values of less than 37 along the
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western coast and a low salinity plume over the central
TG (Figure 10b).

A continuous release of 25 tracers/hour (10,000 in
total; passive, conservative and weightless) at the three
main outflow channels of Aliakmonas delta was simu-
lated using Delft3D-Part (Tracer mode) from 10/11 to
27/11. The tracer simulation aims to reproduce the
physical connectivity between the release locations and
the marine environment of the TG, while tracers are
also allowed to move vertically through all 15 layers of
the model grid (Delft3D-Thermaikos). The Lagrangian
simulation shows that, by 20/11, the particles had spread
over areas (Figure 10c) with high turbidity (Figure 10a)
and low salinity levels (Figure 10b); the red lines in
Figure 10c indicate the affected southwestern coastal
zone, while particles were also detected offshore, in
the central TG. The increased primary production
during this period can be identified in the chlorophyll-
a (chl-a) fields derived by high-resolution (1 km) satel-
lite ocean colour images (Copernicus multi-sensor L4
product 2024; Volpe et al. 2018). The spreading of the
nutrient-rich waters formed favourable conditions of
increased primary production, which was relatively
low before the storm period (10/11; Figure 10d) under
lower river discharges (Figure 9). A chl-a increase was
observed along the western coasts on 20/11 (Figure
10e) which became even higher (>4 mg/m’) a few
days later (Figure 10f). The high levels detected in the
oftfshore area of the southwestern TG (22.8°E; Figure

10f) also agree with the spreading of the simulated tra-
cers (Figure 10c). The 4-day lag between the increased
chl-a concentrations on 24/11 (Figure 10f) and the
spreading of tracers on 20/11 (Figure 10c) over the
southwestern TG is consistent with the phytoplankton
growth timescales (doubling times on the order of
days; Mann and Lazier 2006), and therefore, the time
it takes for chl-a levels to increase in response to the
introduction of nutrient-rich waters in the sea due to
several factors: the concentration of nutrients, water
temperature, light availability, and the presence of phy-
toplankton species capable of rapidly utilising the nutri-
ents. Similar predictions with passive tracers can also
guide search-and-rescue activities in the case of a loss
(human or object) in the marine environment.

3.4. Predictions of Marine Heatwaves (MHWs)

The seasonal variation of the 90th percentile baseline,
calculated with satellite-derived SSTs from 1982 to
2017 (Copernicus Reprocessed Mediterranean L4 data-
set 2024; 0.05° resolution grid) and averaged over the
TG, is presented in Figure 11, together with the respect-
ive daily variability of the observed and predicted
(Delft3D-Thermaikos) SST during 2017 (time-series
compiled by the first day of each daily forecast, as the
most accurate prediction). According to the definition
introduced by Hobday et al. (2016), an MHW is
defined as a ‘discrete and prolonged anomalously
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warm ocean-based event’. The term ‘discrete’ implies
that the MHW is an identifiable event, with clear start
and end dates, and the term ‘prolonged’ means that it
has a minimum period of days (three days in this
case). ‘Anomalously warm’ means that the water temp-
erature is warmer than the SST threshold (90™ percen-
tile climatological SST). The minimum MHW duration
was set equal to three days, instead of the 5 days
suggested by Hobday et al. (2016), so as to (a) increase
the sensitivity of the method by including shorter epi-
sodes that may also have a significant impact on the
enclosed coastal environment of TG, and (b) detect
potential MHW events during the 3-day forecast
timespan.

The observed and predicted SST variabilities show a
very good agreement during the entire year (Rpx1.0,
RMSE=0.54°C, normalised RMSE~2%), especially
during the summer months, when the MHWs usually

occur; five MHWSs were derived from the simulated
values, showing similar mean intensities and durations
(Table 3) as the observed events. The error between
the observed and predicted SST values during the
MHW events is from 0.25°C to 0.83°C; the normalised
RMSE is less than 5% in all cases. The Cumulative
Intensity (CI) of a MHW is determined by summing
all daily intensities, which are the number of degrees
above the SST threshold for those days Equation (1).

N
CI = Z Daily Intensity (1)

=1

where ‘Daily Intensity’ is the difference between the
daily SST and the SST threshold and N is the MHW
duration in days. The highest predicted and observed
CIs were computed for Event#3 (Table 3), which
occurred in late-June to early-July. The model seems
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data, is also presented (blue line). The Pearson correlation coefficient (Rp; *statistically significant value), the Root Mean Square
Error (RMSE) and the normalised RMSE with the maximum observed value, between the observed and simulated SST are shown.

to underestimate its CI (8.70 °C x days), mainly in terms
of duration (4 days instead of 7). The mean intensity of
Event#3 (2.40°C) was efficiently reproduced by the
model (2.18°C; Table 3). The variability of SST, and
thus the formation of MHWs, is determined by several
met-ocean factors (e.g. radiation and heat fluxes, ocean
circulation and vertical mixing processes) and its pre-
diction is challenging, especially over topographically
complex coastal areas such as TG. Improved air-sea
fluxes (e.g. with even finer meteorological forecasts) or
the increase of the vertical discretization of the hydro-
dynamic model may improve predictions. It is also
noted that the available satellite observations of 0.05°
that were used for the comparisons also reveal weaker
accuracy over the coastal areas. Overall, five out of the
six documented MHW episodes in 2017 (except for
the early April event) were successfully detected by the
model. The identification and the prediction of MHW
in the TG are crucial, as the TG has been characterised
as a hotspot of MHWs (Androulidakis and Krestenitis
2022; Androulidakis et al. 2024a; Androulidakis et al.
2024b) with strong biological implications on its ecosys-
tem (Zgouridou et al. 2022).

4. Discussion and concluding remarks

The Wave4Us operational platform is a high-resolution
forecasting system of meteorological and marine con-
ditions over the Thermaikos Gulf (TG), serving a coastal
zone of approximately 1.5 million residents

(Thessaloniki is the second largest city in Greece). The
services provided by the platform may have multiple
applications. Wave4Us provides robust 3-day forecasts
of the TG’s sea state, circulation and thermohaline
properties daily and can support a large range of activi-
ties related to the protection and management of the
marine and coastal environment of the gulf. The predic-
tions are open to the public, and specific on-demand
forecasts can also be freely provided to responsible auth-
orities within a few hours from the occurrence of an
unfortunate event (e.g. pollutant release, oil spill, ship-
wreck or maritime accident loss at sea). Pollution events
and other coastal hazards (e.g. storms, floods, MHWs)
are quite common in the area, and their prediction con-
tributes to the efficient mitigation of adverse effects on
both the coastal environment and related ecosystem ser-
vices and the population.

Other existing high-resolution coastal systems in the
Mediterranean Sea (e.g. SOCIB, SAMOA, Accu-Waves,
COASTAL CRETE, CYCOFOS, SELIPS, AEGIS)
mainly focus on weather, ocean circulation, and/or
wave conditions. The uniqueness of the system is also
based on the targeted, high-resolution, meteorological
forecasts over the TG that increase the performance of
the metocean predictions, as well as allow to resolve
local phenomena and processes that cannot be resolved
by other well-known operational meteorological plat-
forms (e.g. ICON, OpenSKIRON, ECMWF, Poseidon
system) in Greek waters. Aside from enhancing the
quality of meteorological forecasts, the high spatial
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Table 3. Characteristics of the predicted (Delft3D-Thermaikos) and observed (Satellite) Marine Heatwaves (MHWSs) during 2017.

Cumulative
MHW MHW Duration RMSE (°C)/ Mean Intensity Intensity

A/A start end (days) normalised RMSE (%) (°Q) (°C x days)
Predicted (Delft3D-Thermaikos)

1 23/03/2017 27/03/2017 5 0.63°C /4% 1.23 6.13

2 15/04/2017 17/04/2017 3 0.33°C/2% 1.61 483

3 30/06/2017 03/07/2017 4 0.83°C/3% 2.18 8.70

4 09/08/2017 12/08/2017 4 0.76°C/2% 1.39 5.56

5 17/09/2017 21/09/2017 5 0.25°C/1% 1.46 7.31
Observed (Satellite)

1 21/03/2017 27/03/2017 7 1.61 11.26

2 13/04/2017 16/04/2017 4 1.54 6.17

3 27/06/2017 03/07/2017 7 240 16.79

4 07/08/2017 13/08/2017 7 1.96 13.73

5 19/09/2017 21/09/2017 3 1.32 3.95

resolution and holistic approach of Wave4Us sets it
apart in terms of coastal predictions, compared to exist-
ing operational systems in the area (e.g. CMS, Poseidon
System, ALERMO) that, being significantly coarser and
typically employing climatological timeseries for fresh-
water fluxes, are unable to accurately reproduce the
marine conditions in detail over morphologically com-
plex coastal areas (e.g. enclosed gulfs, delta areas,
straits). Wave4Us is the only coastal forecasting plat-
form in Greece that includes a hydrological modelling
component to provide near-real-time river discharges
in the marine environment, thus being able to provide
informed predictions of physical properties and ther-
mohaline stratification in the gulf, parameters that are
crucial for accurately describing the circulation patterns
and dynamics in the domain (Krestenitis et al. 2012).
The holistic approach followed here can be easily
implemented in other coastal areas with similar
characteristics.

Regarding the specialised forecasting products pro-
vided by the Wave4Us platform:

e Extreme freshwater outflows in the marine environ-
ment are a commonly underestimated hazard related
to extreme weather events because riverine waters
carry suspended solids, chemicals, nutrients, plastics
and other debris. The pollution danger is especially
intensified in the cases of flash floods, very common
over ephemeral streams of continental Greece during
severe storms. The pluvial and fluvial floodwater
runoffs may carry different types of agricultural,
urban, and industrial wastes over the inundated
basins, leading them to the coastal ocean through
the watershed network. Considering realistic fresh-
water discharges (HEC-HMS) has significantly
improved model accuracies compared to using
monthly climatological estimates only for the two
main rivers (Krestenitis et al. 2014; Krestenitis et al.
2015) that were not able to reproduce the potential

extreme outflows related to intense precipitation
events. At the same time, the accurate reproduction
of the weak outflow rates during the drier (e.g. sum-
mer) months is critical for the accurate simulation of
the thermohaline circulation in the TG.

» Oil spill applications may support first-level respon-
ders to quickly implement measures for the restric-
tion of the spill's expansion, reducing its
consequences on marine and coastal habitats, as
well as support hypothetical scenarios of oil releases
and weather conditions that may provide valuable
information of potential pollution risk zones and
improve the preparedness of authorities. This service
can be extremely useful for the northern TG (Thessa-
loniki Basin), with the presence of extensive oil-
related infranstructure and heavy maritime traffic.

¢ The detection of vulnerable areas, where land-origi-
nated pollutants might spread after their discharge
in the sea, in combination with the prevailing river-
met-ocean conditions (e.g. discharge rates, winds,
currents, stratification, etc.), can provide further esti-
mations of possible eutrophication effects (e.g. red
tides; Androulidakis et al. 2021) related to algal
blooms in confined high-nutrient waters (Genitsaris
et al. 2019).

¢ The operation of a coastal flooding model, coupled to
the ocean sea level and wave simulations, provides
estimations of potentially inundated littoral areas,
especially during the passage of extensive low-
pressure (deep depression) systems (Makris et al.
2023b) and could be used as an early warning system.

e The accurate prediction of MHW: is essential to sup-
port efforts to mitigate related ecological and socioe-
conomic implications and the adverse effects to the
resilience of the TG’s marine and coastal
environment.

Integrating an operational biogeochemical model in
Wave4Us would assist estimating the distribution of



biological and chemical variables and their impact on
the ecological state of the gul, especially considering
the significant repercussions of eutrophication events
related to agricultural, industrial, and urban pollutants
from several point and diffuse sources. Although the
freshwater influxes to the TG from the main land
sources are predicted by the current operating system,
data on the freshwater quality of these discharges is
not available, limiting the feasibility of such a prospect.
An additional future step, which would require
increased computational resources, is the development
of additional forecast cycles (initialised with analyses
of 00:00, 06:00 or 18:00 UTC, i.e. every 6 hours) that
would update forecasts more frequently, improving
the accuracy of forecast products. Finally, compound
flooding from both sea and inland (e.g. precipitation,
flash floods) waters will be included in the Wave4Us
platform in the future, by coupling the existing HEC-
HMS model with a fluvial/pluvial inundation model
(e.g. HEC-RAS 2D with rain-on-grid approach) and
the CoastFLOOD forecast outputs. The upgrade and
improvement of the forecasting components of the plat-
form is a continuous process, where further corrections
and calibration of the models can be made using statisti-
cal techniques to reduce model bias (Lemos et al. 2020;
Penalba et al. 2023). The Wave4Us operational forecast
system is an innovative tool that aligns with the EU’s
strategic priorities for the establishment of digital
twins in coastal regions until 2030. The integration of
high-resolution model predictions is crucial for the
efficient operation of the system and is a distinctive fea-
ture of Wave4Us. This capability can support coastal
zone management practices by providing near real-
time insights into coastal dynamics, thereby contribut-
ing to marine ecosystem resilience. By providing reliable
local sea-state forecasts, it can empower stakeholders to
make informed decisions, safeguarding the safety of
coastal inhabitants, the ecological integrity, and the
environmental health on a regional level of reference.
At the same time, direct practical applications of fore-
casting products can be found in the marine renewable
energy sector, with information that can assist proper
planning of projects, not only in terms of energy poten-
tial (e.g. wave, wind, solar), as well as assessing their
economic viability (e.g. for offshore wind farms the
accessibility to the site for operation, maintenance and
repairs is directly linked to metocean and visibility con-
ditions; Konuk et al. 2023) and providing critical sup-
port to novel technologies, like production of energy
from harvested marine plastic pollutants (Mallick
et al. 2023; e.g. through the tracer application).

The environmental fragility of the TG, driven by a
combination of intense anthropogenic pressures and
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the escalating impacts of climate change, has positioned
the gulf as one of the Mediterranean’s climate change
hotspots (Androulidakis et al. 2024a; Androulidakis
et al. 2024b). This underscores the critical need for
reliable forecasting systems. Additionally, the model
framework utilised in the Wave4Us system can be
applied to evaluate the long-term future conditions of
the gulf throughout the twenty-first century, using the
latest updated climate scenarios. A risk-related frame-
work is envisaged for the future based on a comprehen-
sive statistical assessment, including extreme value
analyses over long-term hindcasts, to quantify coastal
hazards, exposure, vulnerability, resilience, and
damage/impact costs for a proper risk assessment
under an integrated coastal management perspective.
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Appendices

Appendix I: Additional comparisons with
observations

Due to the lack of wave-buoy observations inside the Ther-
maikos Gulf (TG) basin, the WaveWatch-III's (WW-III)
Hs time-series outputs have been validated against respect-
ive satellite (Jason-2/Phase-A) data (when available) for the
entire year 2013-2014 (Krestenitis et al. 2014; Krestenitis
et al. 2015) (Figure Al). The model’s setup verification
approach included a spatiotemporal collocation technique
for the satellite observations and model results in hindcast
and forecast mode, producing a fairly good agreement
between observed and modelled wave heights, i.e. a Pear-
son product-moment correlation of R, >0.72 with pygjue <
0.01, based on the Mann-Kendall (MK) correlation test
(Mann 1945; Kendall 1975; i.e. at least 1% significance or
99% confidence level), a Root Mean Square Error of
RMSE < 0.3 m and the normalised RMSE to observed Hs
maxima (Hs,max,obs~4 m) of RMSE/Hg naxobs = 7-5%.
The correlation fit line between the two timeseries is y =
0.95x. Therefore, the operational wave simulations are con-
sidered to provide quite reliable estimations of the spectral
wave characteristics for mixed sea conditions in the TG
basin.
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The simulated freshwater outflows in the TG, derived
from the HEC-HMS simulations (Section 2.2), were evalu-
ated against available flow rates, estimated through a stage-
discharge curve and in situ measured stage data for the
period of 2018 to 2020 (Figure A2). The observations were
provided by the Soil and Water Resources Institute (SWRI
2024) near the estuary of Aliakmonas (Niseli station; Figure
1b). The Pearson correlation coefficient was 0.78 (pyaiue <
0.001), while the RMSE was approximately 23 m’/sec and
the normalised RMSE was less than 10%, confirming the
good performance of HEC-HMS to estimate the river
outflow variability. It is noted that although the model per-
formance statistics are very good, the model clearly tends
to underestimate peak discharge situations. Two possible
explanations are: (a) The model is highly dependent on the
estimation of the discharge of the reservoirs located on the
main stem of Aliakmon River. The total discharge of the
dam, which is close to the estuaries, is not known but is esti-
mated through the amount of energy produced (Section 2.2),
and water release through its spillways cannot be incorpor-
ates in the model. (b) The stage-discharge curve used by
the Niseli station operators may overestimate the flow rate
for high water levels.
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Figure A1. Scatter Plot of modelled vs. satellite Significant Wave
Heights (Hsmod VS. Hssat) derived by WaveWatch-Ill (WW-III)
simulations and Jason-2 (L3 product). The correlation-fit line,
the Pearson correlation coefficient Rp (*statistically significant
value), the Root Mean Square Error (RMSE), and the normalised
RMSE (%) are shown.
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Figure A2. Comparison between HEC-HMS simulated discharge rates (red line) and respective daily measurements (blue lines) at
Niseli station (Aliakmonas; Figure 1c) from 2018 to 2020. The Pearson correlation (Rp), the pyaie Of the correlation significance test
(*statistically significant value), the Root Mean Square Error (RMSE), and the normalised RMSE with the maximum observed discharge

rate are also shown.
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