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Abstract

Hydrodynamic circulation in the marine environment, characterized by the
effects of the intense tide conditions, the atmospheric loading, and the ba-
thymetry, constitutes a complex phenomenon. The present paper deals with
the numerical simulation of the hydrodynamic circulation of the Gulf of
Evoikos, which is characterized by the existence of a strong tide. The Estua-
rine and Lake COmputer Model three-dimensional hydrodynamic model has
been used, which, besides the tide, takes into consideration the atmospheric
forces acting on the surface of the study area, such as the solar radiation, the
atmospheric pressure, the relative humidity, the rainfall height, the air tem-
perature and the wind speed and direction. The physical and hydrodynamic
characteristics of the water circulation under tide conditions are examined
such as the salinity, the water temperature, the density stratification, the flow
velocities, the tracer concentration, etc. These characteristics are absolutely
critical for the diffusion and dispersion of passive pollutants, the water flow
renewal, and the general environmental situation.
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1. Introduction

Coastal systems are usually affected by many interacting processes such as
waves, tides and river inflows. The effects of tide are of especial importance and
researchers have been looking for modeling this effect. So, much effort has been
made to model this phenomenon [1] [2] [3] [4] [5]. In coastal waters, hydrody-
namic processes greatly influence the transport of contaminants, nutrients, liv-
ing biomasses and suspended particles. Transport times to leave a certain area of

interest through its outlets to the sea are generally used as the first approach of
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transport to evaluate the health of coastal ecosystems. The simulation of mo-
mentum, heat and salt vertical turbulent exchange is very important for coastal
systems circulation models.

The tidal currents in the Gulf of Evoikos (Greece) are possibly amongst the
earliest historically studied tidal phenomena. Eratosthenes, Pitheas, Posidonios
[6], as well as Stravon and Senekas [7] are only some of the scholars that appear
to have studied this phenomenon in antiquity. The Gulf of Evoikos has been the
subject of a remarkable number of studies from the early 20th century [6] [7] [8]
[9] [10]. Aiginitis [7] conducted an in-depth review of the bibliography and
measurements with regard to the tide in the Gulf of Evoikos. Sterneck [9] simu-
lated the propagation of the tidal waves along the axis of the northern and
southern Gulf of Evoikos, assuming that the Euripus Straits are closed and ma-
naged to describe the main characteristics of the tide. The first hydrodynamic
model for the studied area was constructed by Livieratos [6], while Tsimplis [11]
applied two models, a low resolution one for the propagation of tidal waves in
the northern and southern Gulf of Evoikos and a high resolution one, focused on
the Gulf’s Straits.

Despite the fact that the tidal phenomenon of the Gulf of Evoikos has been
studied since antiquity, there are still, today, no systematic measurements nor
any significant number of related studies available. Tidal stations, as well as sa-
tellite altimeter data, were used [12] to systematically monitor the change in sea
level on the southern Europe coastlines. Overall, 17 tidal stations were installed
on the shores of the Mediterranean Sea and the Atlantic Ocean, though none
were installed within the borders of the Gulf of Evoikos. The tidal dynamics
taking effect in the interconnected system between the Mediterranean Sea, the
Sea of Marmara, the Black Sea and the Azov Sea were investigated [13], and the
numerical results yielded a description of the main tide characteristics of the
system. The contribution of the tidal currents [14] was examined in respect to
the resuspension, the erosion, and the deposition of suspended sediments in the
Marine area of Avlida, located within the set boundaries of the study area for
this paper.

The changes in the seasonal sea level extremes were estimated [15] based on
and extending a previous work [16]. Hourly sea level data from 46 tide gauges
were used to investigate the variability of sea level extremes in the Mediterra-
nean Sea and the Atlantic European coasts. The tidal hydraulics and the tidal
exchange of two lagoons in Western Greece (located in close proximity to the
study area) were numerically simulated [17]. It was found that, despite the fact
that the two lagoons have similar dimensions and present very similar tidal
forcing, the flushing rates differ greatly, due to the intricacies of the tidal hydro-
dynamics. The Euripus tidal stream was also studied [18] in order to evaluate the
tidal flow’s ability to produce hydrokinetic renewable energy.

The ELCOM (Estuarine and Lake COmputer Model) model, which was de-
veloped in the Center of Water Research in the Western Australia University, is

a widely used and robust numerical model, for the hydrodynamic simulation of
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lakes, estuaries and enclosed seas. This model has been used successfully in many
relevant research studies around the world, including, but not limited to, research
examining the North Aegean Sea [19] [20], and the Adriatic Sea [21], both located
in great proximity to the study area of this work, as well as the Persian Gulf [22], a
study which also included a simulation of the tide. However, the ELCOM model
was selected in this work for an additional reason. The model links seamlessly
with the CAEDYM model (Computational Aquatic Ecosystem Dynamics Model).
The combination of the two codes provides three-dimensional transport and inte-
ractions of flow physics, biology, and chemistry for inland and coastal waters.
This study deals with the computational simulation of the hydrodynamic cir-
culation in the Gulf of Evoikos region. We used the ELCOM three-dimensional
hydrodynamic model, which incorporates the intense tide effect characterizing
the study area, and climatic factors such as the total solar radiation, the atmos-
pheric pressure, the relative humidity, the rainfall, the air temperature, the wind
speed, and direction. To our knowledge, there is currently no other relevant
published research examining this issue, regarding the area considered. The aim
of this paper is to investigate the natural and hydrodynamic characteristics of
this tidal flow, including, among others, the salinity, the water temperature, the
density stratification, the water circulation, the flow rates, etc. Those characteris-
tics play a critical role in the vertical mixing of the marine masses and, conse-
quently, the mixing of their physicochemical parameters, such as nutrients and
oxygen, as well as the water renewal in the Gulf of Evoikos. The tide is a strong
mechanism for movement and mixing of the coastal waters. But the question is
if this mechanism is strong enough to prevent density stratification, which
greatly affects the dilution of the wastewater disposed in the study area. The study’s
ultimate objective concerns the investigation of the diffusion and dispersion of
passive pollutants in this area under the influence of the above-mentioned pa-
rameters. The subject area consists of two semi-closed basins, which are con-
nected to each other through a narrow and shallow waterway. The present work
will give answers to what is happening with a pollutant or tracer entering into
one semi-closed basin, if this tracer spreads into the other, in what concentration
and after how much time. There are no answers for these questions until today
and the objective of this paper is to clarify the hydrodynamic circulation and re-
spond to these issues, which are very important for the high tourist and popu-

lated region near around the study area.

2. Materials and Methods
2.1. Study Area

The study area (Figure 1) consists of the northern Gulf of Evoikos with a total
area of 1060 km® and the southern Gulf of Evoikos with an area of 900 km®.
These two Gulfs are connected to each other through the Euripus Strait, a nar-
row and shallow canal measuring 40 m x 40 m x 10 m. The study area’s predo-

minant feature is the occurrence of strong tides.
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Figure 1. Map of the northern and the southern Gulf of Evoikos.

The northern Gulf of Evoikos constitutes a longitudinal basin of north-
west-southeast general direction, divided into three sections: the western, the
central and the southeast section (Figure 1). The western section, located be-
tween the Lichades Islands and the Cape of Arkitsa, appears smooth, with an av-
erage depth of about 80 - 100 m. The central section with a maximum depth of
450 m constitutes the deepest part of the Gulf and extends from the Cape of Ar-
kitsa all the way to the Malesina Peninsula. It is characterized by a steep north
slope, as opposed to the shallow, smooth south slopes, behind which develops a
large continental shelf develops, with the south slope being characterized by the
presence of numerous submarine canyons. The southeastern part appears smooth,
while its borders extend all the way from the Malesina Peninsula to the Euripus
Strait. This section exhibits a shorter bathymetry of 60 - 130 m in its up-
per-northern part, with its greatest depth being mapped in the region around
Evia, and culminates in a depth of 10 m at the Strait area.

The broader basin of the southern Gulf of Evoikos is a semi-closed basin,
connected to the Aegean Sea through the Straits between the Islands of Evia and
Kea. The main Gulf of the southern Evoikos is a small, elongated sea basin with
a northwest-southeast general direction. The basin bed layer of the southern
Gulf of Evoikos consists of Holocene sediments that might extend to a thickness
of 14 m, while the sea bottom is dominated by mud except for the shallow coast-
al areas, where the sand may reach up to 50% of its overall consistency [23]. The
area where the tidal phenomenon occurs is contained between the narrow Oreoi

Strait at the northern end and the Petalie Island at the southern end of Evoikos.

2.2. Brief Description of the ELCOM Model

The water circulation in the Gulf of Evoikos was simulated using the ELCOM

three-dimensional, finite difference hydrodynamic model, which is suitable for
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the simulation of lakes and enclosed seas. It is used to predict the spatial and
temporal variation of the water temperature and salinity. The model is based on
the unsteady Reynolds-averaged Navier-Stokes (RANS) equations for incom-
pressible flow and on scalar transport equations. The Boussinesq approximation
is used and the non-hydrostatic pressure terms are omitted. The free surface lev-
el change is expressed by an evolution equation developed by a vertical integra-
tion of the continuity equation applied to the Reynolds-averaged kinematic
boundary condition.

The Reynolds equations are solved and the closing of the turbulent flow equa-
tion system in the horizontal direction is carried out using a turbulent viscosity
coefficient, while, for the vertical direction, a vertical energy layer mixing model
is utilized. The ELCOM model offers the ability to include the influence of the
tide. Density is calculated as a function of salinity and temperature. At the same
time, the model also considers the meteorological load, ie. the effect that the
wind, the solar radiation, the rainfall, and other meteorological parameters have
on the water surface layer [24] [25]. The surface exchanges of heating due to
short wave radiation penetration into the water and the fluxes at the surface due
to evaporation, sensible heat and long wave radiation are also simulated.

In a staged approach, the ELCOM model takes into consideration, in each
time step, the following procedures: 1) introduction of surface heating/ cooling
in the surface layer, 2) mixing of scalar concentrations and momentum using a
mixed-layer model, 3) introduction of wind energy as a momentum source in
the wind-mixed layer, 4) solution of the free-surface evolution and velocity field,
5) horizontal diffusion of momentum, 6) advection of scalars, and 7) horizontal

diffusion of scalars.

2.3. Model Setup

The Gulf of Evoikos region chosen for the numerical simulation of this research
is depicted in Figure 2. It is bounded to the west and east by Central Continental
Greece—Attica and Evia respectively, as well as by the northern and southern
Aegean Sea. For the purposes of this research, we constructed a rectangular
computational grid of variable dimensions, incorporating rectangular computa-
tional discretization cells ranging in dimensions between 40 m x 100 m and 400
m X 400 m. The gradual change of the computational cell dimensions was ne-
cessary due to the 40 m width limit of the Euripus Strait on the one hand, and in
an attempt to avoid creating an excessive number of cells on the other hand in
the case of solely incorporating dimensionally stable cells of 40 m x 40 m, which
would have made it impossible to execute the computational code. Based on this
limitation, the computational simulation included the entire southern Gulf of
Evoikos and (1/3) of the northern Gulf of Evoikos. The northern and southern
boundaries of the simulated area are illustrated in Figure 1.

A total of 20 layers were set in the vertical direction. The first 8 layers, ex-

tending just below the surface, were variable in thickness ranging from 2.5 m to
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Figure 2. Bathymetric map of the simulation area of the Gulf of Evoikos.

5.0 m, presenting a progressive increase in width size, while the remaining 13
deeper located layers reaching down to the bottom of the sea exhibited a con-
stant thickness of 5.0 m. This vertical discretization along with the choice of the
densest possible vertical computational grid, were chosen in order to: 1) simulate
as accurately as possible the hydrodynamic circulation of the Euripus Strait,
presenting a depth of 10 m, which is absolutely critical for the communication
between the northern and southern Gulf of Evoikos, 2) better illustrate the re-
sults concerning the shallow coastal areas of particular interest, and 3) achieve
the highest possible accuracy regarding the vertical distribution of the velocities
(in particular tidal), the density stratification and the tracer concentrations,
based on depth. The maximum simulation depth reached —86.0 m. The compu-
tational grid consisted of 225,351 active water cells.

A turbulent benthic boundary condition was used at the bottom applying an
invariant friction coefficient. In the northern and southern boundaries of the
computational domain, an “open” boundary condition was applied, which pas-
sively allowed the water inflow to, or outflow from each cell, according to the
corresponding flow needs. Based on observations and measurements reported in
the literature [7] [11], marginal conditions of sea level variability were imposed
on the northern and southern boundaries for the purposes of the tidal simula-
tion, according to Figure 3.

While reviewing the literature, we were unable to find any temperature and
salinity measurements regarding the northern and southern borders of the Gulf
of Evoikos with the open Aegean Sea, in order to utilize them in the present study

as marginal conditions. The only data we were able to retrieve concern water
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Figure 3. Sea level change due to the tide for a time period of 48 hours, at the northern
and southern “open” marginal conditions of the computational simulation using the
ELCOM model.

temperature and salinity forecast information for these locations based on the
COPERNICUS marine environmental monitoring service. The COPERNICUS

system (http://marine.copernicus.eu), based on both satellite and on-the-spot

monitoring networks, provides analysis and daily forecasts, thus enabling the
observation, understanding, and prediction of marine parameters. In the present
study, we used the Mediterranean Forecasting System (MEFS), which is a subsys-
tem of the COPERNICUS, and which has been providing analytical and
short-term forecast data of the main natural parameters of the Mediterranean
Sea since 2000 [26] [27] [28]. The MFS is a coupled hydrodynamic and wave
model applied across the Mediterranean Sea with a 1/24° (about 4 km) horizon-
tal grid discretion, which also includes 141 distributed vertical water column
points. This model considers the Dardanelles Straits closed, including in its
function, at the same time, the inflow entering through the Straits. It extends
slightly into the Atlantic Ocean to simulate water exchange with the Mediterra-
nean Sea through the Strait of Gibraltar and does not include tidal phenomena.

In the present study and based on the COPERNICUS system data, we calcu-
lated the average monthly values, across the length of the water column at the
upper and lower boundaries of the computational domain (Figure 4). We, then,
applied to the northern and southern open boundary for each month during the
simulation period of this study. These values were assumed invariable for all
cells as we moved to greater depths and within the aforementioned limits.

The initial conditions of salinity and temperature at the beginning of the si-
mulation were the same for all the cells of the computational domain and equal
to 38.88 psu and 18.35°C, respectively. These numbers represent the average
values for the year 2016, as they result based on the COPERNICUS system. The
time interval between the loops was equal to 1.0 min. The simulation time pe-
riod corresponded to one year (2016), which was considered as a representative
typical year. Meteorological data were inserted every 10 minutes, regarding the
wind speed and direction, the atmospheric pressure, the air temperature, the rel-
ative humidity, the rainfall, and the solar radiation. These data (Figure 5) were

collected and calculated by meteorological stations of the National Meteorological
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Figure 4. Average monthly temperature and salinity values in the northern and southern
open boundary condition.
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speed and (e) direction per 10 minutes for the year 2016 in the study area.
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Service, located in the cities of Lamia and Aliarto, which are adjacent to the
study area.

The water movement observed on the open boundary conditions of the North
and South Aegean is simulated using two conservative tracers (tracer-north,
tracer-south). These two indicators, with a dimensionless concentration within
the set limits equal to 1, aimed at monitoring the origin of the waters in each cell
of the computational space and their mixing with the waters of Evoikos, during
the evolution of the simulation.

The validity of the results deriving from this paper was assessed by comparing
the velocity in the most critical point of the study area, which is the Euripus
strait. The maximum water velocity developed in the Euripus Strait, during a
half-period (T/2 = 6 hours), is about 2.5 m/s [29], while measurements made in
the natural field at this point, in 2010, by the Hellenic Centre for Marine Re-
search (HCMR) [30], showed that the maximum speed values greatly approach
this value. The above mentioned observations are confirmed by the results of the
present study, based on which we were able to identify a maximum speed value,
within the Strait limits, of about 2.5 m/sec, presented at times corresponding to
the midpoint of the tidal half-period. Figure 6(a) depicts the flow velocities in
the Euripus Strait, both on the surface and at a depth of 5.0 m from the surface,
for a random 24-hour timeframe (14/09/2016), as they derive from the simula-
tion of the present work, using the ELCOM model. Based on Figure 6(a), we
conclude that on both the surface and at a depth of 5.0 m, the maximum speed is
2.5 m/sec, ie. similar to the value measured in the field. Notably, the speed re-
mains approximately constant across the depth of 10 m at the Euripus Strait, as

Profile of Evripus (September)
— Velocity (Depth=0m) — - Velocity (Depth=5m)

Velocity (Om) m/s
Q
=
s/w (wg) Ayoojsp

Color dipiction of speed across the depth of the water column (m/s)
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 20 25

2016-09-14 2016-09-14 2016-09-14 2016-09-14 2016-09-14 2016-09-14
03:00:00 07:00:00 11:00:00 15:00:00 19:00:00 23:00:00
Figure 6. (a) Time variation of the flow velocity in the Euripus Strait, both, on the surface
and at a depth of 5.0 m from the surface, for a random 24-hour (14/9/2016), and (b) color
depiction of the velocity values in the Euripus Strait across the depth of the water column,
for 24-hours (14/9/2016).
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demonstrated by the color depiction of Figure 6(b), and further confirmed by
the HCMR measurements [30]. Therefore, the Euripus Strait operates as an open
channel, carrying water quantities from the northern to the southern Gulf of

Evoikos and vice versa.

3. Results and Discussion

Since there are no systematic field measurements for salinity, temperature, den-
sity in the studied region, the results of the present study will be compared with
available predictions based on the COPERNICUS model at two points, namely,
K1 and K2, of the southern Evoikos, the corresponding locations of which are
demonstrated in Figure 1. The comparison given at these two points is simply
indicative, because the two models ELCOM and COPERNICUS are based on
completely different mathematical and numerical approaches, and the tide is
simulated only by the ELCOM model.

3.1. Salinity

Figures 7(a)-(d) show the evolution of mean salinity values at different depths
(1, 20, 40, 60 m), as they result based on the simulation of the present work
(ELCOM) and the COPERNICUS system at point K1. It should be noted that the
predictions of the two models are similar. The same observation is also made for
the comparison results of the data comparison for point K2, and for depths of 1,
30, 50, 70 m (Figures 7(e)-(h)).

Figure 8 presents a comparison of the vertical distribution of the mean salini-
ty values, as they result based on the simulation of the present work (ELCOM)
and as a forecast based on the COPERNICUS system at point K2, for the months
of August (Figure 8(a)) and December (Figure 8(b)). As can be clearly ob-
served, the simulation results using both models are very close. Similarly, the
results of the two simulations are nearly equivalent for the K1 point as well for

the several months examined.

3.2. Temperature

Figure 9 demonstrates the time evolution of the mean temperature values, at
point K1, for the surface (depth of 1 m) and for a depth of 10 m, based on the
simulation of the present work (ELCOM) and the forecast data of the
COPERNICUS system. For the entire duration of the simulation period, overall
lasting one year, a satisfactory convergence of results between the two models is
finally obtained.

Vertical distribution of the mean temperature values at point K1 is shown in
Figure 10(a), Figure 10(b) for the months of May and June, respectively. After
comparing the forecast data of this work, using the ELCOM model, to the
COPERNICUS system data, we, once again, obtain a satisfactory convergence.
The alternating direction of the velocity field, due to the tide, which is simulated
only by the ELCOM model, is probably the main reason for the water tempera-
ture differences of the two models at depths about 40 m to 60 m.
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Figure 7. Comparison of the mean salinity values in a vertical water column for various depths, as results by the si-

(h)

mulation of the present work (ELCOM) and the COPERNICUS system at points K1 (a)-(d) and K2 (e)-(h).
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Figure 8. Comparison of the vertical distribution of the mean salinity values, as they result
based on the simulation of the present work (ELCOM) and the COPERNICUS system at
point K2, for the months of August (a) and December (b).
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Figure 9. Time variation of the mean temperature values: (a) at depth of 1 m, and (b) at a
depth of 10 m, at point K1, as they result based on the simulation of the present work

(ELCOM) and the COPERNICUS system.
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Figure 10. Comparison of the vertical distribution of the mean temperature values, as they
result based on the simulation of this work (ELCOM) and the COPERNICUS system, at
point K1, for the months of May (a) and June (b).

3.3. Velocity

Figure 11 illustrates the spatial distribution of the surface flow velocity in the
Euripus Strait region, on the 3rd hour of 14/09/2016. The flow resembles a river

flow (open channel) of a rectangular cross-section, transferring water between

the northern and the southern Gulf of Evoikos. An indicative speed vector dia-

gram at a random moment of the simulation, for the southern Gulf of Evoikos, is

presented in Figure 12, for visualization and understanding reasons. This sur-

face movement results from the combined effect of the tide, the prevailing me-

teorological conditions, and the bathymetry.
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Figure 11. Spatial distribution of the surface flow velocity in the Euripus Strait region at
the 3rd hour of 14/9/2016.
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Figure 12. Indicative diagram of the water velocity vectors on the surface, at a random
moment of simulation for the southern Gulf of Evoikos.

3.4. Density

Figure 13 shows the distribution of the density o values on the surface layer of
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Figure 13. Density distribution in the surface layer of the Gulf of Evoikos, in the middle of the months of February (a), May (b),

July (c), December (d), on the year 2016.

the Gulf of Evoikos, in the middle of the months of February, May, July, De-
cember, of the year 2016. The density gis connected to the density p through the
function p = 1000 + o (Kg/m?). It appears that the density assumes smaller val-
ues in the months of July and May, due to an increased temperature, compared
to February and December.

Figure 14 shows an indicative variation diagram of the water column depth
regarding its density, temperature, and salinity, as obtained based on the simula-
tion of the hydrodynamic ELCOM model, for point K1. This diagram refers to a
specific time period (30-7-2016) of the summer season, when the temperature
variation appears rather great moving deeper, as indicated in Figure 14(b). It is
clearly observed that the distribution of water density (Figure 14(a)) in relation
to the depth is mainly influenced by the corresponding temperature and less by
the change in salinity values (Figure 14(c)). The generated, approximately linear,
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Figure 14. Indicative density (a), temperature (b), and salinity (c), distribution in relation
to depth at point K1 at a specific time point (30-7-2016) of the summer season.

density stratification prevents the vertical mixing of marine water masses and,
therefore, the mixing of their physiochemical parameters, such as nutrients and
oxygen. However, it positively affects the entrapment of processed and chlori-
nated effluents discharged from underwater sewage sludges in greater depths,
preventing them from reaching the free surface, thus allowing greater health

safety for swimmers.

3.5. Tracer Concentration

An interesting question that arises based on this research is whether the South
Aegean waters, which enter the southern Gulf of Evoikos through the southern
“open” boundary condition, also pass through the Euripus Straits afterward, and
spread to the northern Gulf of Evoikos or whether this is not the case due to the
tide. Figure 15 illustrates the surface concentration of tracer-south for the
months of April (a) and December (b). This indicator takes a value of 1.0 in the
southern “open” boundary condition, along the whole depth. As can be observed
from Figure 15, in April, there is a partial surface spread of the concentration in
the southern Gulf of Evoikos, while in December it spreads completely superficially
and marginally approaches the Euripus Straits, without, however, passing through
them. In cases (c) and (d) of the same Figure, which demonstrate the diffusion of
the tracer-south indicator throughout points of the computational space, cor-

responding to the midpoints of the water columns, the same phenomenon is
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Figure 15. Concentration of the tracer-south during the months of April (a) and December (b) on the surface, on April (c)
and December (d) in the midpoints of the water columns, and on April (e) and December (f) at the sea bottom.
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observed, though to a lesser extent. This fact indicates that the inflow of the
South Aegean waters is greater on the surface and decreases as the depth in-
creases. This conclusion is also confirmed by Figure 15(e) and Figure 15(f), il-
lustrating the diffusion of the tracer-south indicator at the sea bottom.

Figure 16(a) shows the variation of the concentration of tracer-south in rela-
tion to depth, at point K1, located in the southern Gulf of Evoikos (Figure 1),
for several months. According to the results, initially, at the beginning of Febru-
ary, the concentration in the surface layers is 0.83, while at the sea bottom it is
0.55. The greater diffusion of the tracer-south on the surface layers is mainly due
to the tide and the more intense velocity fields at the surface, and less due to the
vertical mixing. This phenomenon continues during April as well, where the
concentration of tracer-south exceeds the value of 0.9, for a depth of up to 28 m
from the surface, and progressively decreases as the depth increases, reaching a
value of 0.55. In mid-June, the tracer-south concentration value approaches 1.0
for depths from 12 m to 27 m, while it reaches a slightly smaller value and equal
to 0.91 on the surface layer, with a depth of 8 m. After 10 months of simulation,
in October the concentration value of tracer-south approaches 1.0 across the en-
tire depth range of the water column, at point K1.

Figure 16(b) illustrates the variation in relation to depth for the tracer-south

concentration value at point K3, located in the northern Gulf of Evoikos (Figure 1),
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Figure 16. Concentration variation of tracer-south in relation to depth, at point K1 (a),
for the southern Gulf of Evoikos, and at point K3 (b) for the northern Gulf of Evoikos, for
several months.
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for several months. Based on this figure, we extract the minimum concentration
values, specifically 0.002 - 0.006, which, in general indicate a very small amount
of diffusion of the South Aegean waters in the area of the northern Gulf of
Evoikos. For all water column depths greater than 10 m, we observe lower con-
centration values of the tracer-south in comparison to the surface layers, across
all time periods. This is due to the fact that the communication between the
northern and the southern Gulf of Evoikos takes place through the Euripus
Straits, which present a shallow depth of nearly 10 m, and consequently, the dif-
fusion of the tracer-south to deeper levels of the northern Gulf of Evoikos is rea-
lized exclusively through the mechanism of vertical mixing. After 12 months of
simulation, in December, the concentration value of tracer-south across the en-
tire depth of the water column appears very small, approximately reaching 0.002.
On the surface layers, extending to depths of up to 10 m, and at various times, a
certain amount of variation is observed, due to hydrodynamic circulation, with
insignificant, however, concentration values, that in no case exceed the value of
0.006. So, it is deduced from these results, that about 10 months are needed for
the tracer-south concentration to approach a value of 1, in the point K1 in the
southern Evoikos region, across the entire depth of the water column. On the
other hand, the concentration of this indicator is negligible in the northern Gulf
of Evoikos, even after one year.

Figure 17(a), Figure 17(b) depict the variation of the tracer-south concentra-

tion value, in relation to depth at two points of the central Southern Evoikos,
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Figure 17. Concentration variation of tracer-south in relation to depth at points K4 (a)
and K5 (b) of the southern Gulf of Evoikos for several months.
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specifically K4 and K5 (Figure 1). The distribution of the tracer-south concen-
tration at point K5 (Figure 17(b)), located further north in relation to point K1,
and at a depth of 10 m, presents an illustration similar to that of point K1, but
with some time lag. Thus, in February and April, the point K5 presents smaller
concentrations of tracer-south in comparison to the point K1, while in June and
October, they both show similar distributions and similar values.

Point K4 is located even further north in relation to point K5, and close
enough to the Euripus Strait. Due to the smaller depth (36.5 m) in relation to the
K5 and K1 points, K4 presents more uniform tracer-south concentration distri-
butions over depth. These distributions observed at point K4 are approximately
the same as those recorded on point K5 for depths up to 36.5 m.

Based on the observations and data mentioned in detail above, it is concluded
that the concentration of the tracer-south indicator approaches a value of 1 in
the entire southern Evoikos region, both on the surface and in relation to the
depth, after almost a 6-month time period. On the contrary, the concentration of

this indicator is minimum in the northern Gulf of Evoikos.

4. Conclusions

For the purposes of this paper, we simulated the hydrodynamic circulation in
the area of the Gulf of Evoikos using the ELCOM three-dimensional hydrody-
namic model, including the effect of the tide, as well as atmospheric forcing. The
validity of the present simulation is further confirmed by the predicted maxi-
mum velocity in the Euripus Straits, which is equal to the measured value in the
field. Based on the analysis, we were able to derive the velocity field ranges, both
on the surface and at various depths, for each point in time. It was found that the
velocity distribution over depth, in the Euripus Strait, was approximately con-
stant.

The predictions of this study for the mean salinity and the mean temperature
were compared to those based on the COPERNICUS system, for all months of
the annual simulation, at two points, specifically K1 and K2 and for different
depths, and were considered satisfactory. The temporal evolution of the mean
salinity values, at the points K1 and K2, seems to be similar to the southern open
boundary input salinity, but with a time lag. At the same points K1 and K2, the
mean water temperature is usually slightly greater at the water surface than the
one at the depth of 10 m, almost for all months. Also, the distribution of the
mean temperature at the point K1, and for the months of May and June, is al-
most linear over the depth.

Furthermore, it was observed that the distribution of water density in relation
to depth is mainly influenced by the change in temperature and less by the
change in salinity. During various time periods (mainly during the warmer
months) an almost linear density stratification is created in relation to the depth,
which prevents the vertical mixing of marine masses and, consequently, the

mixing of their physicochemical parameters, such as their nutrients and oxygen.
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The penetrative convection, the wind stress and the tide are strong driving forces
of the movement and mixing of the water masses of the study area. However,
they are not able to destroy the density stratification in these not very deep
coastal waters. This is an important finding of the present work, because it is
very crucial for the dilution of the wastewater disposed from existing five diffus-
ers.

Moreover, a broad diffusion of a hypothetical tracer-south, originating from
the South Aegean Sea and spreading to the southern Evoikos, was also noted,
which, in time, over a 6-month period, had virtually spread across the depth of
the southern Gulf of Evoikos. This is a very important finding, because if the
hypothetical tracer-south is for example clear water entering from the Aegean
Sea (north boundary condition), about six months are needed to replace almost
all the maybe polluted water of the southern Gulf of Evoikos. On the contrary,
the diffusion of this indicator in the region of the northern Gulf of Evoikos ap-
peared infinitesimal, due to the tide, as well as the limited communication be-
tween the northern and southern Gulf of Evoikos. This is also an important
finding of the present work, because pollutants from the southern Gulf of Evoi-
kos are not transferred to the northern Gulf.

In this study, we investigated and assessed the physical and hydrodynamic
characteristics of this tidal flow, such as the salinity, the water temperature, the
density stratification, the water circulation, the flow rates, etc. Apart from the
contribution of this work to the understanding of this complex flow, many use-
ful conclusions have emerged and a cohesive basis was set for the further envi-
ronmental simulation of the diffusion and dispersion of passive pollutants in this

area, under the intense effect of the tidal loading, as well as bathymetry.
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