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Abstract

Greece boasts an impressive closed coastline stretching across 13,676 km,
making it the largest in the Mediterranean basin and one of the largest in the
world. Given the significant human activities that take place in coastal areas,
understanding the behavior of the sea environment becomes crucial. In this
study, we delve into the generation and movement of marine currents as well
as the retention time and water age within the waters of Pagasitikos Sea inlet,
Greece, through numerical simulation of hydrodynamic characteristics. The
main examined points of the understudy region are the area of the port of
Volos, the Trikeri channel where the ingress and egress of water from the
Gulf takes place and the exchange of seawater through circulation of the Pa-
gasitikos Gulf with the North Evian Gulf. In order to evaluate the results, they
were compared with real field measurements and with simulation on a labor-
atory dummy of the same area. The computational simulation was performed
with the ELCOM 2.2 numerical modeling tool and the AEM3D latest version
and the main factors simulated are the tide, the consequence that Coriolis
force, boundary conditions, the topography and bottom geometry of the bay
and the actual meteorological conditions of a whole year.
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1. Introduction

Semi-closed sea basins are geographical features characterized by major limited
water exchange with the open sea. These basins have very limited water ex-

change and restricted connections to the open sea, usually through narrow
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straits or channels. This limited exchange impacts water characteristics such as
diffusion, retention, age, temperature, salinity and others and others which are
crucial for the human activities that develop around them. The Pagasitikos Gulf
is a semi-enclosed marine area where water is hardly renewed and with complex
mechanisms that have not been fully investigated. Various studies, physical
oceanographic surveys and papers have been carried out in recent years to inves-
tigate the status of the Pagasitikos Gulf due to its morphology and its vital im-
portance for the region [1]-[11]. In particular, information on the circulation of
the sea masses is mainly available from studies of past years based on direct
measurements of currents [12]. There was recently presented a model to simu-
late the hydrodynamic characteristics and circulation in the bay. This is the first
attempt to model the hydrodynamic behavior of the gulf and capture the move-
ment of currents, the age and the time of water renewal. The hydrodynamic
attribute of the Pagasitikos basin was simulated computationally using the Aq-
uatic Ecosystem Model-3d (AEM3D) and Estuary, Lake & Coastal Ocean 3d hy-
drodynamic Model (ELCOM 2.2) [13] [14]. Several relevant numerical simula-
tions of marine areas in other regions that worked on ELCOM 2.2 and AEM3D
[13]-[15] have been performed with very good predictions and related papers
have been carried out [16]-[27]. The simulation was run with modeling parame-
ters as the bottom geometry, tidal influence, real weather conditions of wind
speed and direction, air temperature, rainfall, humidity, sunemission and pres-
sure of the atmosphere [28]. Simulation and record took place for one whole
year of the surface and deep water velocity, density, salinity, and age of the water
throughout the Pagasitikos Gulf and then qualitative comparison with a labora-
tory hydraulic model and quantitative comparison with actual recorded values
from previously performed field measurements took place [12]. ELCOM utilizes
hydrodynamic and thermodynamic models to conduct numerical simulations,
aiming to replicate the behavior of stratified water bodies. The hydrodynamic
simulation technique employed in ELCOM solves the unsteady, viscous Navi-
er-Stokes equations for incompressible flow, disregarding the non-hydrostatic
pressure terms. To address horizontal turbulence, the Reynolds-average Navi-
er-Stokes equations are solved, and the turbulence closure is accomplished
through the implementation of horizontal eddy-viscosity. On the other hand, a
vertical mixed-layer model is utilized to tackle vertical turbulence [13] [15]. Ad-
ditionally, the advection of passive and active scalar tracers, including parame-
ters like speed, direction, and retention, is achieved by employing the conserva-
tive semi-implicit ultimate quickest discretization method. The simulation re-
sults in visualizations of quantities at the surface and various depths and inves-
tigates the mechanisms of recharge of the bay waters. Evaluation of results as-
sessment is achieved by comparison with field measured values and not with re-
sults or forecasts from other models. Pagasitikos basin gives us ideal simulation
conditions as it has no large open sea boundaries, and is enclosed by solid

boundaries with two relatively small and bounded open sections where boun-
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dary conditions are very well applied (Figure 1). The aim of this work is the un-
derstanding of the 3D water circulation under the prevailing physical conditions
and loads so that the model can be used in longer-time simulations to predict

the future behavior of the specific basin.

2. Study Field—3D Computational Domain

For the analysis of marine currents a computational model simulation of the
Pagasitikos Gulf has been used, which has already been run and has given im-
portant results. The simulation area is the whole Pagasitikos Gulf that is a natu-
rally enclosed basin with a total wider surface of 165 square kilometers basin,
with a maximum depth of 101 meters, maximum dimensions of 31 kilometers
from arctic to south and 16 kilometers from eastern to westwards (Figure 1) and
a single point of inlet and outlet of the water South at Trikeri peninsula north of
Evia with an aperture dimension of 5.5 kilometers. The simulation area has di-
mensions of 47.5 kilometers by 31.5 kilometers, a surface area of 1503 square ki-
lometers, two open sea cross-sections at the Artemisio east of the Maliakos Gulf
(W.4-4") and at the confined point between North Evia and the southern Pagasi-
tikos coastline west of Skiathos (E.5-5') (Figure 2). At these districts, the open
boundary conditions of 10 kilometers and 5.2 kilometers length with free water
incursion and outflow from each cell were simulated including the existing con-

ditions at each computational step.
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Figure 1. Pagasitikos map plus the simulation field.

All 3D computational domain consists of 394,842 active cells of fixed dimen-
sions of 400 m x 400 m horizontal resolution and fixed height dz = 2.5 meters

with 42 horizontal layers covering the entire depth of the bay and a rotation of
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32.1 degrees to the right so that the influx and efflux at the open bounds is lying
flat (Figure 2). The results of the vertical discretization are recorded and dis-
played at 14 layers every 2.5 meters or 5 meters including surface and bottom.
The model has three upright sections that keep data records (curtains) two per-
pendicular to the Y-axis one near Almyros (section Y.1-1') and one at the water
entry of the bay near Trikeri (section Y.2-2') and one perpendicular to the X-axis
which passes through the port of Volos (section X.3-3") (Figure 2).
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Figure 2. Simulation area (32.1° rotation), vertical sections

and open boundaries.

3. The Numerical Modeling Process

With the two hydrodynamic models [14] [15], modeled and simulated processes
include stratified water flow simulated in time and velocity results at the surface
and in several depths and directions of water currents. The residence and reju-
venate time were obtained. Visualization was performed on surface images and
vertical sections in the computational domain and the validity of the simulation
was affirmed after comparison with measurements and published sampling re-
sults. Introductory salinity and temperature settings at the beginning of the si-
mulation in all cells were 16.10 degrees Celsius (°C) and salinity of 37.40 prac-
tical salinity units (psu), which are typical measurements taken outside the estu-
ary. In order to simulate the open boundary conditions and tides, the sea surface
variation at the eastern boundary (E.5-5') for a full year and was entered using
data from the Poseidon system of ELKETHE which has systematic measure-
ments, among other field data, and sea level values from the measuring station in

Skopelos from 24-5-2021 to date [29] with location of latest transmission lati-
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tude: 39.1238—longitude: 23.7297. Two records were selected for a full calendar
year and a combined time series import in Julian form of the sea level difference
at the eastern open boundary was performed, which is summarized in Figure
3(a). The model then automatically generated the water velocities due to sea lev-
el difference and produced all the corresponding sea level changes at the western
open boundary which is also summarized in Figure 3(b), so there is a complete
and real tide simulation. In order to select the optimal time step (dt), a sensitivi-
ty analysis was performed with short-duration test simulations for various time
step values from which the main ones were selected 60 sec, 120 sec, 180 sec and
240 sec. Tests with dt shorter than 60sec were rejected because they eventually
produced files with too large a volume of stored data and were difficult to
process subsequently. Tests with dt greater than 240 sec were also rejected be-
cause the simulation exhibited instabilities. A recycling time step of 180 sec was
selected as the subsequent velocities most closely approximate the real published
measurements [12]. The simulation was performed for one year, using full actual
recorded meteorological data for one year [29] and recording and visualization
of age, retention time and water refresh results at the surface and in the vertical

field transects. The simulation yields visualizations of results at the surface and
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Figure 3. Annual sea water level change: (a)sea level values from the Skopelos
measuring station at the East open boundary E-5-5', (b) sea level values generated by
the model at the West open boundary W-4-4'.
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at selected depths and shows the structure form of estuary water renewal. The
main criterion was to make comparisons of results with real values and not with
results or predictions of other models. The points of the field measurements were
simulated after being converted from latitude and longitude to coordinates and
were placed in the computational field accurately. The simulation of the depths of
the measurements was made through vertical curtains that were created in the

point cells giving us vertical velocity distributions throughout the depths.

4. Results and Analysis of Hydrodynamic Circulation

4.1. Water Circulation outside the Pagasitikos Gulf

The water circulation in the area outside the Pagasitikos is first examined in or-
der to determine how the bay communicates and interacts with the adjacent ma-

rine area from which it is fed with seawater.

4.1.1. Water Movement through Eastward and Westward Open Bounds,
Direction of Currents, Communication with the North Evian Gulf

Almost throughout the entire evolution of the phenomenon, the water flow in
the section between the open boundary (E.5-5') at the East and the open boun-
dary (W.4-4') at the West occurs in a constant direction from East to West. This
is clearly illustrated in two characteristic snapshots (Figure 4(a) & Figure 4(b))
where the water direction at the open boundary (E.5-5') is shown in color for
winter and summer to be West-Southwest from 270 degrees to 230 degrees. Also
correspondingly in two winter-summer snapshots (Figure 5(a) and Figure
5(b)) from open boundary (W.4-4") the water direction is West-Southwest from
270 degrees to 230 degrees with small changes in flow in the northern part of the
transect due to the small cross-section in the area of the island of Argyronisos.
The water direction is consistently West in the upper layers (orange) and more
rarely slightly Southwest (yellow) in the deeper layers. This pattern prevails
throughout the year, thus confirming an inflow of water from the Aegean Sea

with a steady movement towards the (W.4-4") boundary (North Evian) and
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Figure 4. Direction of water currents at the East boundary (transect E.5-5): (a) in January, (b) in August.
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Figure 5. Direction of water currents at the West boundary in (Section W.4-4"): (a)in February, (b) in August.

through the entrance of the Pagasitikos (Trikeri). There is also no reverse

movement of water from the Euboean to the Aegean and the Pagasitikos, so the

North Euboean Gulf is fed with water mainly from the Aegean Sea and to a small

extent from the outgoing waters of the Pagasitikos Gulf, while no water from the

Euboean Gulf enters the Pagasitikos Gulf.

4.1.2. Water Velocities in both Sections E.5-5' and W.4-4'
Water flow velocities entering the Eastern open boundary are in the range of 0.3

m/sec - 0.4 m/sec in the upper layers and decrease with increasing depth with an

average value of 0.2 m/sec at depths above 60 meters (Figure 6).
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Figure 6. Vertical velocity distribution in section E.5-5".

Water exit velocity results at W.4-4' boundary are in the range of 0.9 m/sec -

1.2 m/sec and decrease in the deeper layers. Higher velocities evolve at W.4-4'

boundary than those prevailing at E.5-5' boundary due to a shorter flowprofile

and shallower depth (Figure 7).
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Figure 7. Vertical velocity distribution in section W.4-4".

4.2. Water Ingress and Egress to the Pagasitikos Gulf at Trikeri
Canal

The area of the Trikeri Canal is the natural inlet and outlet of the water masses
of the semi-enclosed sea basin being simulated and the results are recorded in
cross section W.2-2'. Figure 8 show the color representation of water currents
direction in cross-section Y.2-2' (Trikeri) with distribution. It is observed that
the flow often alternates during the simulation but the main flow pattern is that
the upper layers with depth up to 50 meters have a direction North-Northwest
from 330 degrees to 60 degrees, meaning they enter the bay, while the lower lay-
ers with depth of 50 meters and above have a direction South-Southwest from
180degrees to 220 degrees meaning they exit the bay. The results are consistent
with the measurements conducted, which demonstrate that the waters from the
North Euboean are strengthened on the left side of the Trikeri Canal by surface
flow originating from the Aegean [1] [12]. The above water masses enter the bay
through the surface layers, while relatively warmer and more saline waters exit

in the deeper layers among 50 meters.
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Figure 8. Color representation of water currents direction in cross-section Y.2-2' (Trikeri) with depth
distribution: (a) on January-winter, (b) on March-spring, (c) on June-summer, (d) on November-Winter.

Therefore, it is confirmed that the water recharge takes place with water en-
tering from the Aegean Sea along the left side of the Trikeri canal and water ex-
iting to North Eubian along the right side of the channel.

4.3. Water Circulation within the Gulf

In the period February-November 1999 a research study was carried out to
measure the currents in the Pagasitikos Gulf using an acoustic tomography [12].
Although the water diffusion in the Pagasitikos is complex and controlled by both
wind force, exchange of water with the Aegean Sea and tidal action, it appears
that a constant dipole is observed in the bay. An anticyclone in the eastern region
and a cyclone in the central region mixed with minor eddies. The computer si-
mulation has given exactly this picture of the movement of currents throughout
the evolution of the phenomenon. In three characteristic snapshots-graphs of the
main velocity vectors (Figure 9(a), Figure 9(b) and Figure 9(c)) the direction of
the sea currents in the interior of the Pagasitikos Gulf is very well captured. Fig-
ure 9(a) illustrates the velocity vectors at the beginning of the event showing the
main velocity vectors and the water direction from the outside towards the inte-
rior of the bay. The entry and diffusion of water from the Trikeri Channel into
the bay towards the coastal areas and the formation of the cyclone dipole in the
eastern and western inner bay area with higher velocities in the central and nor-
theastern areas are captured. It also shows the direction of water flow between the
two open boundaries with higher velocities at the western end. Figure 9(b) shows
after three months of simulation the strengthening of the cyclonic flow within the
bay where the East and West vectors depict a stable double anticyclone in the in-
terior of the bay and the stabilisation of the water movement and the stabilisation
of the water movement between the two open cross-sections from east to west.
Figure 9(c) shows after 10 months during a day with strong northerly winds the
reversal of water movement from North to South and the partial exit from the
Trikeri Channel to the North Euboean. The Coriolis force explains this coun-

ter-meteorological movement as it deflects the wind direction to the right and
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consequently the currents within the bay.

From the set of velocity vectors given by the

simulation, the main picture of

the developing currents with their directions in and out of the bay is obtained,

which is illustrated in Figure 10.
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Figure 10. Schematic representation

of water circulation

and currents directions in and out of the Pagasitikos Gulf.

4.4. Qualitative Comparison with Laboratory Model—Model

Evaluation

The laboratory modeling of water diffusion in the Pagasitikos basin was initially
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examined by constructing a hydraulic dummy in the Laboratory of the Hydrau-
lic Works of the DUTH. The whole project was under the supervision of Profes-
sor Nikolaos Kotsovinos who collaborated in the construction of the numerical
model and with his agreement we used the results of the experiment in this pa-
per for evaluation. A study of the water diffusion among the North Evian Gulf
and the waters of the Pagasitikos took place. The dummy was constructed on a
warped scale, and without layering, with dimensions of 1.5 meters wide, 1.5 me-
ters long and 0.40 meters deep, and the phenomenon was recorded photograph-
ically. The two characteristic photographs of the evolution of the laboratory
phenomenon Figure 11(a) and Figure 11(b) show in red the water entering the
bay from the North Euboean Gulf and show the thinning of the water and the
direction of the current created at the beginning and in the middle of the expe-
riment respectively. This macroscopic record of the Euboean-Aegean inlet into
Pagasitikos is interesting as it shows the creation of a large eddy that initially
moves northwards and then turns east and south towards the eastern shores of
the bay. This eddy is mainly due to the topography of the area simulated in the
laboratory.

Figure 11. Photographic illustration of the laboratory hydraulic model of the Pagasitikos Gulf: a)
at the beginning of the experiment, b) in the middle of the experiment.

In order to have a qualitative comparison and evaluation of the computer si-
mulation, the entry of water from the outer ocean into the east boundary E.5-5'
was simulated with a conservative tracer that enters consistently along the entire
length and depth of the open boundary. As the simulation progresses, several
snapshots are recorded and compared with the images of the laboratory model
at corresponding time points. Two typical of them at corresponding times with
those of the experiment are Figure 12(a) at the beginning and Figure 12(b) in
the middle of the numerical simulation. In the computer model in addition, the

Coriolis force, meteorological data, salinity, tides, accurate bay bottom geometry
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and the overall topography at real scale were simulated, which are crucial for the
hydrodynamic circulation. Under the influence of these additional conditions,
phenomena are also more pronounced in the computational simulation. The la-
boratory procedure has significant resemblance with the numerical simulation in
terms of water circulation, mixing, and flow direction. While the computational
simulation shows a more pronounced and precise representation of the pheno-
menon, the overall depiction closely mirrors that of the laboratory model. The
same inlet current is generated in the bay and the same large eddy with a similar
direction. It is observed that the incoming current from E.5-5' moves westward,
a part of it enters the Pagasitikos Gulf and a part of it continues westward to the
North Eubian and then to the rest of the Eubian Gulf. The current entering the
Pagasitikos also moves North initially and then proceeds in the form of a vortex
moving East and South towards the Eastern shores of the bay.

Max Max

;I'rikeri

Tracer Concentration and Direction

Tracer Concentration and Direction

W4-4'

Min

(a) (b)

Figure 12. Tracer concentration and direction during hydrodynamic simulation: a) at the
beginning of the numerical simulation, b) in the middle of the numerical simulation.

The Coriolis force and all the additional conditions simulated computational-
ly enhance the effect, which as seen in the laboratory dummy is generated with-
out them. Therefore, the correctness of the computational simulation is con-
firmed and evaluated as correct qualitatively compared to the laboratory simula-

tion.

4.5. Water Renewal and Residence Time—Investigation of Water
Renewal in the Volos Port Area

Current measurements carried out in the Pagasitikos Gulf and a recent hydro-
dynamic Simulation of the same basin [30] showed that water renewal occurs
with the inflow of water from the Aegean Sea onwards east shore of the Trikeri
canal and the outflow of water from the Aegean Sea along the western shore of

the channel with a typical water renewal time of 105 days with an average devia-
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tion of 51 days [1] [12]. Figures 13-16 show water age in the inner bay at 3
months (90 days), 6 months (180 days) and 9 months (270 days) as derived from
the present study, in hypsometric contour curves. The analysis of the contour
curves shows that after 90 days in the areas where the lines have a value of 70,80
days the recharge is almost zero or very small as the water age is very close to the

time of the evolution of the phenomenon. In contrast, in areas where the isobaths
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Figure 13. Water age contours at 90 days (March).
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Figure 14. Water age contours at 180 days (June).
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Figure 15. Water age contours at 270 days (September).
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Figure 16. Water age contours at 360 days (December).

have lower age values such as 60, 30 or 10, the water recharge is greater. Thus we
see that on the eastern shores of the bay water is renewed faster while in the
northern and northwestern areas, the renewal is significantly delayed. The pic-
ture is similar to the evolution of the phenomenon (180, 270 days) and at 360
days when the simulation is completed we see that in the Northwestern areas,
the water is 260 - 280 days old (so the renewal has taken place 80 to 100 days
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ago) and in the Eastern areas the water is 200 - 220 days old (so the renewal has
taken place 140 to 160 days ago). In the other central regions, the age is much
lower because renewal has been achieved for the 2nd and 3rd time. Therefore,
we conclude that by the completion of the simulation the renewal time shows a
lower value of 80 days and a higher value of 160 days, the average renewal time
is 110 days with a maximum standard deviation of 50 days. This agrees with the
recharge time given by the stream measurements, which quantitatively evaluates
the computer simulation and confirms its reliability. In the region of Volos Port,
according to the analysis of contour curves and the residence times recorded by
the simulation in section X.3-3' which starts from this point, the water age
ranges from 140 to 160 days which means that the renewal of the water takes

place every 4 to 5 months.

5. Discussion

In this paper, a numerical modeling of the Pagasitikos Gulf takes place. The ba-
sic characteristics that determine the generation and movement of marine cur-
rents in the semi-enclosed sea basin of the study area were investigated compu-
tationally. The main features of these are (a) the movement of marine currents
between North Evia and Pagasitikos between the two open sea districts, (b) the
entry and exit of water from the basin and (c) the movement and retention of
water within the basin. These three basic characteristics are analyzed below in
order to have a complete picture of the hydrodynamic characteristics of the Pa-

gasitikos.

5.1. Movement of Sea Currents between North Evia and
Pagasitikos between the Two Open Sea Districts

The mapping of the results between transect E.5-5' East where the area under con-
sideration communicates with the Aegean Sea and transect W.4-4' West where the
area communicates with the North Evian Gulf shows that the predominant water
movement is from East to West. A stable sea current, in the form of a river, devel-
ops, which flows from the Aegean Sea, enters this closed area, a part of it enters the
Pagasitikos Gulf and a part of it continues passing through the island of Argyro-
nissos towards the Malian Gulf and then enters the North Euboean Gulf. There is
no reverse flow of water in the W.4-4' transect throughout the year, while the wa-
ter leaving the Pagasitikos Gulf also flows into the North Evian Gulf. Flow veloci-
ties are generally between 0.5 m/sec and 1.0 m/sec and increase locally in the Ar-
gionissos area due to a significant reduction in the sea cross-section. The main
conclusion here regarding the interaction of the North Euboean Gulf with the Pa-
gasitikos Gulf is that the waters from the Euboean do not enter the Pagasitikos but
only the reverse occurs. Therefore, the Euboean Gulf does not seem to have a se-

rious environmental impact on the Pagasitikos.

5.2. Inlet and Outlet of Water from the Pagasitikos Gulf

The only point where seawater enters and leaves the bay is the channel at the
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height of Trikeri. The simulation results as captured in the horizontal
cross-section Y.2-2' show that the predominant water movement is ingress to the
interior of the bay, in the upper general layers up to 50 m. depth, which alter-
nates with egress to the North Evian mainly at deeper than 50 meters layers.
Water renewal takes place with water entering from the Aegean Sea through the
eastern shore of the Trikeri canal and water exiting to the Aegean Sea along the

western shore of the channel.

5.3. Water Movement and Retentionin the Bay

Within the bay, there is a constant dipole: a clockwise heading cyclone in the
eastern bay and a counterclockwise one in the central western bay diffusing with
other weaker eddies. The direction of the sea currents is initially from the out-
side to the interior of the bay, thus reflecting the entry and diffusion of water
from the Trikeri Channel to the coastal areas, and then they take the form of the
double anticyclone in the interior of the bay under the influence of the Coriolis
force, which also determines the wind direction. Upon completion of the simu-
lation, the water renewal time shows a lower value of 80 days and a higher value
of 160 days, the average renewal time is 110 days with a maximum standard
deviation of 50 days. On the eastern shores of the bay, the water is renewed fast-
er, while in the northern and north-western areas, the renewal is significantly
delayed. In the other central areas, the age is much lower because the renewal is
achieved more quickly. In the Volos area, where the port is located, water re-
newal is mainly determined by the sea currents, climatic loadings and the geo-
graphy of the port. All these three main factors have been simulated in the
computer model. The average age of the water in this area is in the range of 140

to 160 days which suggests that the water is renewed every 4 to 5 months.

6. Conclusions

In this study, the numerical simulation of the hydraulic features of the Pagasiti-
kos Gulf was achieved with the use of ELCOM 2.2 and AEM3D models running
for one year. The hydrodynamic demeanor of the bay, water diffusion, water
enrichment and water residence all through the basin area were analyzed and the
precision of the results was achieved by comparing with published measure-
ments and a laboratory dummy. The simulation led to visualizations of quanti-
ties at the surface and various depths and analyzed the way of bay water enrich-
ment. The simulation predicted that there is no interaction of the North Evian
Gulf as no water from the Evian Gulf enters the Pagasitikos Gulf. The inflow of
water into the Pagasitikos flows from the E.5-5' boundary (Aegean Sea) to W.4.4'
boundary and not from the Euboean Gulf. This finding is very important as it
shows us that the Pagasitikos cannot have an environmental impact on the Evian
Sea. The main water flow in the northern Evian is from east to west with a part
of the flow entering Pagasitikos basin, while the rest moves westwards. Advan-

cedwater speeds evolve at the western open bound and the water is mainly flow-
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ing towards the Evian Sea. This finding is also important as it excludes the pos-
sibility that the Pagasitikos can have an environmental impact on the Aegean
Sea. As shown by the distribution of mean currents and turbulence in the East
but also in the Western Pagasitikos, there is a negative rotation, a tendency
counterclockwise anticyclonic circulation, while in the Central Pagasitikos posi-
tive rotation prevails a tendency of left-handed (cyclonic) circulation. In the in-
terior of the basin, an almost permanent symmetrical dipole is observed: a
clockwise cyclonic flow in the eastern and a counterclockwise cyclonic flow in
the central western bay accompanied by small diffusion vortices. The direction
of the sea currents is from the outside to the interior of the bay from the Trikeri
Channel to the coastal areas and a double anticyclone current prevails in the in-
terior of the bay. The average water renewal time is 110 days with an average
deviation of 50 days. Important conclusions are drawn about the time it will take
to replenish the water on the different coasts of the bay.

The study of the contour curves reveals that in regions where the lines indi-
cate a value of 70 or 80 days, the recharge of water is nearly nonexistent or mi-
nimal due to the water age closely aligning with the duration of the phenome-
non’s evolution. Conversely, in areas where the isobaths display lower age values
such as 60, 30, or 10, the water recharge is more substantial. This discrepancy is
evident along the eastern coast of the bay, where water renewal transpires at a
faster rate compared to the northern and northwestern zones, where the renewal
process is notably delayed. As the phenomenon continues to evolve, we see a
comparable pattern at 180, 270, and ultimately 360 days, indicating the end of
the simulation. By the end of the simulation, it is observed that in the northwes-
tern areas, the water is approximately 260 - 280 days old, signifying a renewal
that occurred 80 to 100 days prior. On the other hand, in the eastern regions, the
water age ranges from 200 to 220 days, indicating a renewal that transpired 140
to 160 days earlier. In central regions, the water age is considerably lower due to
multiple renewal events. Consequently, the analysis concludes that the average
renewal time by the end of the simulation is 110 days, with a minimum of 80
days, a maximum of 160 days, and a standard deviation of 50 days.

On the eastern shores of the bay, the water is replenished faster, while in the
northern and north-western areas, the replenishment is significantly delayed. In
the other central areas, the age is much lower because the renewal is faster. In
the area of Volos, where the port is located, the water is renewed every 4 to 5
months.

This means that a pollutant entering this area will take at least 5 months to
completely leave, relying solely on natural water renewal. In areas closer to the
Trikeri seaway, the water’s age decreases and the renewal mechanisms are faster.
The findings acquired offer enhanced understanding of water diffusion within
the basin and precisely ascertain the three-dimensional water circulation under
the prevailing natural circumstances and loads. The computational model can be
employed in extended time simulations to anticipate the future dynamics of the

bay, thereby proving valuable in broader environmental planning efforts for the
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region and mitigating potential environmental deterioration of the bay. This
paper studies the structure, function and dynamics of the Pagasitikos Gulf eco-
system, focusing on factors such as current movement and water retention in
order to provide a comprehensive and combined description of the sensitive
ecosystem of the Bay and take further measures aimed at sustainable manage-

ment of the area.
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