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Abstract 
The mixing characteristics in the marine environment of the Euboean Gulf 
are studied. The Estuarine and Lake CΟmputer Model three-dimensional 
hydrodynamic model has been used, to simulate numerically the effects of the 
strong tide conditions, the atmospheric forcing, and the oceanographic con-
ditions. Water age was calculated in all computational cells and its renewal 
was examined with the “pure” water of the open sea both on the surface 
layers, where the effect of tide and wind was pronounced, as well as on the 
deeper layers and bottom. It was investigated if in surface layers the tide and 
the wind restore the water of the study area, thus preventing its renewal. In 
the remote area, the mixing and dilution of the pollutants contained in the 
treated municipal waste of five installed diffusers in this complex hydrody-
namic field, generated by the aforementioned loads, is simulated. It was 
found that even a slight stratification density has the effect of restricting the 
vertical mixing and entrapment of dirt in the deeper layers. The combined 
impact of municipal waste effluents on selected areas of high economic, 
tourist and environmental value in the Euboean Gulf was assessed. It was 
found out, that the Diffuser 2 has a great effect in all the five selected areas, 
because it has greater waste water discharge and because of the tide, who 
produce a velocity field and transfer the pollutants in longer distances. It was 
also investigated indicatively in an important area, whether the presence of 
tide contributes to better mixing and dispersing of pollutants and to better 
water quality or, on the contrary, as it restores remote pollutants that were 
released earlier. 
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1. Introduction 

The hydrodynamic circulation in coastal systems is often depending on various 
interacting processes such as tides, waves, and river inflows. Many researchers 
have spent their effort to model the effects of the tide [1]-[6]. Hydrodynamic 
processes significantly influence the mixing and transport of pollutants in 
coastal waters. Additionally, the tidal currents transport pollutants back and 
forth before sometime dispersing them into the sea [7]. 

In the Eastern Mediterranean the tidal currents are in general relatively weak 
and in most case have low speeds [8]. One of the earliest historically observed 
tidal phenomenon is in the Gulf of Evoikos (Greece). Eratosthenes, Pitheas, Po-
sidonios [9], Stravon and Senekas [10] have studied this phenomenon in antiq-
uity and other researchers from the early 20th century [9]-[14]. Although some 
research has been carried out in the wider area of southern Europe [15] [16] [17] 
[18] on sea level changes, but also within the Euboean Gulf [19] [20], there are 
still no systematic measurements and several available work today to describe 
and illustrate the various effects of tide on hydrodynamic circulation, as well as 
on diffusion and transport of pollutants [21].  

The ELCOM (Estuarine and Lake CΟmputer Model) model, which was de-
veloped in the Center of Water Research in the Western Australia University, is 
a very good numerical model, for the hydrodynamic simulation of lakes, estu-
aries and enclosed seas. This model has been used very well in various relevant 
studies around the world, such as in the North Aegean Sea [22] [23], in the 
Adriatic Sea [24], and in the Persian Gulf [25], a study in which also included a 
simulation of the tide. The water circulation in the North and South Euboean 
Gulf has been simulated in a recent work of the authors’ [21] with the use of the 
ELCOM model.  

As a result of the above mentioned, there is a lack of knowledge in literature 
for the tidal dynamics taking effect on the interconnected system of the North 
and South Gulfs of Evoikos. There is a lack of information on the tidal hydrau-
lics and the tidal exchange of the two Gulfs, which are connected through a nar-
row and shallow channel. Only in a previous work of the authors’ [21] a compu-
tational simulation of the hydrodynamic circulation has been carried out in or-
der to investigate the natural and hydrodynamic characteristics of this tidal flow, 
including, among others, the velocity field, the salinity, the water temperature, 
the density stratification, the water circulation, the flow rates, etc. But there is 
still a gap of knowledge for if and how these hydrodynamic characteristics in-
fluence the horizontal dispersion and the vertical mixing of the marine masses 
and, consequently, the mixing and dilution of various pollutants, as well as the 
water renewal in the Gulf of Evoikos. The present paper comes to fill this gap 
and give answers to these questions.  

In the present work, the effects of the tide conditions, the atmospheric forcing, 
and the oceanographic conditions in mixing and transport of pollutants are 
computationally simulated. It was investigated the renewal of waters of Euboean 
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Gulf with the “pure” water of the open sea by calculating the age of the water in 
all computational cells. The renewal has been tested both on the surface layers, 
where the effect of tide and wind is stronger, as well as on the deeper layers and 
also on the bottom. The mixing, transport, and dilution of pollutants in the dis-
tant region within the complex hydrodynamic field, generated by the aforemen-
tioned charges, were simulated. These pollutants are included in the treated mu-
nicipal waste of five installed diffusers operating in the area. The effect of density 
stratification on limiting vertical mixing and entrapment of pollutants in the 
deeper layers was investigated. The combined impact of municipal waste efflu-
ents on selected areas of high economic, tourist and environmental value in the 
Euboean Gulf was assessed. 

2. Materials and Methods 

The study area (Figure 1) consists of the Northern Euboean Gulf with a total 
surface area of 1060 Km2 and the Southern Euboean Gulf with an area of 900 
Km2. Communication between these two atria is through Evripus Channel 
which substantially is a narrow and shallow 40 m × 40 m × 10 m canal, with the 
main characteristic of being strong tides [20]. It is typically reported that during 
the semi-period (T/2 = 6 hours) the maximum flow velocity in the Strait of Eu-
ripus is about 2.5 m/s [26] [27].  

The water circulation and pollutant mixing and transport in the North and 
South Euboean Gulf have been simulated using the ELCOM three-dimensional, 
finite difference hydrodynamic model, which has been developed for the simula-
tion of lakes and enclosed seas. The model solves the system of the unsteady 
Reynolds-averaged Navier-Stokes (RANS) equations for incompressible flow 
and the scalar transport equations. It uses the Boussinesq approximation omit-
ting the non-hydrostatic pressure terms. The change of the level of the free water 
surface is estimated by integrating vertically the continuity equation applied to 
the Reynolds-averaged kinematic boundary condition [28] [29]. The RANS equ-
ations are solved and the closing of the turbulent flow equation system in the 
horizontal direction is achieved using a turbulent viscosity coefficient, while, for 
the vertical direction, it is usinga vertical energy layer mixing model. The 
ELCOM model takes into account the meteorological load, such as the effect that 
the solar radiation, the wind, the rainfall, and other meteorological parameters 
have on the surface layer of the water. The model also can simulate the influence 
of the tide. 

The South Euboean Gulf and a part of the North Euboean Gulf chosen for the 
numerical simulation of the hydrodynamic circulation. A rectangular computa-
tional grid constructed with cells of variable dimensions, ranging between 40 m 
× 100 m and 400 m × 400 m. The width of the 40 m of the Evripus straits im-
posed the lower limit of the cells’ dimensions. The gradual change of the com-
putational cell dimensionsup to 400 m was necessary in order to avoid creating 
an excessive number of cells, which would have made the computational code 
impossible to execute. Because of these restrictions, the numerical simulation 
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Figure 1. Map of the northern and the southern Gulf of Evoikos. 
 
included the entire southern Euboean Gulf and (1/3) of the northern Euboean 
Gulf. Otherwise, if the computational domain extended to include the whole of 
the northern Euboean Gulf, the number of computational cells increased dra-
matically and the computational code was not possible to execute. The southern 
Euboean Gulf is of higher economic, tourist and environmental value compared 
to the northern Euboean Gulf. This is the reason for its complete inclusion in the 
numerical simulation. Moreover, four of the total five waste water diffusers have 
been installed in the southern Euboean Gulf, and the fifth one is located near the 
interconnection of the two Gulfs. In Figure 1, the northern and southern boun-
daries of the computational domain are illustrated. 

In the vertical direction a total of 20 layers were set with variable thickness 
ranging from 2.5 m to 5.0 m [21]. The progressive increase in thickness chosen 
in order to: 1) simulate as precisely as possible the hydrodynamic circulation of 
the Euripus Strait, which has a depth of only 10 m, and which is very important 
for the water exchange between the northern and southern Euboean Gulf, 2) de-
scribe better the results at the shallow coastal areas of special interest, and 3) ac-
complish the best accuracy regarding the vertical distribution of the density stra-
tification, the tracers’ concentrations, the velocity field, and other characteristics. 
The computational domain consisted of 225,351 active water cells, and the 
maximum simulation depth extended up to −86.0 m.  

“Open” boundary conditions implemented in the northern and southern 
boundaries of the simulation area, which passively let the water inflow to, or 
outflow from each boundary cell, according to the needs of the flow. Based on 
literature measurements [10] [19], boundary conditions of the sea level variance 
were forced on the northern and southern domain boundaries in order to simu-
late the tide, according to Figure 2. 

Meteorological data were imported every 10 minutes, such as the wind speed 
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and direction, the air temperature, the solar radiation, the rainfall, the atmos-
pheric pressure, and the relative humidity (Figure 3). The simulation time pe-
riod was one year (2016), which was considered as a representative typical year. 
More details about initial and boundary conditions as well as the validation of 
the simulation are presented in [21], in which a hydrodynamic circulation has 
been carried, and which was the basis for the present work, where the mixing 
and dilution of various pollutants are examined as well as the water renewal in 
the Gulf of Evoikos. Analogous validations for similar simulation techniques 
were made by [22] [23] in comparable problems. 

 

 

Figure 2. Tidal sea level variations at the northern and southern boundaries of the 
computational domain for 48 hours. 
 

 

Figure 3. (a) Air temperature and solar radiation, (b) Wind speed and direction, (c) 
Atmospheric pressure and relative humidity, per 10 minutes for the year 2016 in the 
study area. 
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The water entering into the computational space, from the two open boun-
dary conditions, coming from the North and South Aegean seas is simulated us-
ing two conservative tracers (tracer-north, tracer-south). These two indicators 
having dimensionless concentration between 0 to 1, aimed at monitoring the 
source of the waters in each cell of the computational domain and their mixing 
with the waters of Evoikos, during the progress of the simulation. 

3. Results 
3.1. Water Age Modeling 

ELCOM has the ability to calculate the age of the water in each cell. At the start 
of the simulation, the age of each cell in the computing space is set to zero and 
then increased each time by the computational time step. Water, which enters 
the open boundary conditions, is of zero age. So if, for example, on the 200th day 
of the simulation, a cell consists of 60% of the water coming from the computing 
space and 40% of the water entering the computing field 80 days before, then the 
average retention time or the average age of the water in this cell is: 60% × 200 + 
40% × 80 = 152 days and is always shorter than the time of simulation until this 
time (152 < 200).  

The average residence time (age) of water in the surface computational cells of 
the simulated Euboean Bay region in the middle of March, June, September and 
November of the typical year (2016) is shown in Figure 4. As it is shown in Fig-
ure 4, the water age at the surface is significantly reduced in the southern part of 
the southern Euboean Gulf due to the inflow from the southern boundary con-
dition. In the northern part of the Southern Euboean it is observed that at the 
75th day of simulation (mid-March) the mean age of surface water is around 60 
days. Accordingly, in mid-June, i.e. the 165th day of simulation the average age 
in the same area is 80 days, i.e. decreased age of water at 80/165 = 48%. Also, in 
mid-September the age of surface water was correspondingly reduced to 100/255 = 
39%, while in mid-November to 110/315 = 35% of real age. Consequently, both 
tide and meteorological charge, as well as oceanographic conditions, contribute 
significantly to the reduction of surface water age in the southern part of the 
southern Euboean gulf but also considerably in the northern part of the same gulf. 

Figure 5 again shows the average water retention time, but in the bottom 
computational cells, at the same times. In the northern part of southern Euboea 
it is observed that in mid-March the mean age of the bottom water is around 70 
days, which is slightly higher than the surface water. In mid-June, the mean age 
in the same region varies in the bottom cells from about 80 to 140 days, and is 
therefore longer than the surface water age. Also, in mid-September appears 
again in the bottom water age of 100 - 180 days, that is greater than the surface. 
But in mid-November the situation is reversing. Almost the entire South Eu-
boean Gulf is occupied at the bottom by water coming from the southern open 
boundary condition, and therefore represents a water age of only 20 days, as 
opposed to the surface water age of 100 days. In addition, to this important con-
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clusion, it should be added that the color gradation of Figure 4 and Figure 5 in-
dicates that some regions in the northern part of southern Euboean Gulf have 
longer residence times compared to balances of the computational domain. 

For the better investigation of the above phenomenon, Figure 6 depicts the 
change in depth of water retention time at various time points at three selected 
points K4, K5 and K1 (Figure 1) of the South Euboean Gulf. As it is clear to  

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 4. Average residence time of water in the surface cells of the Euboean Gulf in the 
middle of the month: (a) March, (b) June, (c) September and (d) November. 

 
point K4 (Figure 6(a)), the first month of March, the water residence time re-
mains nearly uniform throughout the depth, while in June increased. In Sep-
tember, K4 shows a longer age of water near the free surface to about 10 m depth 
and a lower age of water in the deeper layers to the bottom. In November, K4 
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shows the highest water age at almost all depths of the water column, with the 
exception of near the bottom at depths greater than 30 m. Similar behavior of 
water age occurs both at point K5 (Figure 6(b)) and at point K1 (Figure 6(c)) 
for the upper layer of about 30 - 35 m depth. It is worth noting that both at point 
K5 and at point K1, which have greater depths (67 m and 57 m respectively) 
than point K4 (37 m), the residence time of water for depths greater than 35 m is 

 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 5. Average residence time of water in the bottom cells of the Evian Gulf in the 
middle of the month: (a) March, (b) June, (c) September and (d) November. 

 
reduced dramatically during the month of November in about 20 days. That is to 
say, in the deeper layers, there is almost complete water replenishment derived 
from open boundary conditions, while in the upper layers, where the impact of 
both tide and wind is more pronounced, the age of the water remains signifi-
cantly older.  
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(a)                      (b)                  (c) 

Figure 6. Depth change of the mean water residence time at the locations: (a) K4, (b) 
K5 and (c) K1 of the Southern Euboean Gulf, in mid-March, June, September and 
November. 

 
These results are illustrated by Figure 7, where the same points K4, K5 and K1 

and for the same time points show the concentration of the tracer-south, which 
expresses, in each cell of the computational space of the Evoikos Gulf, the water 
concentration which enters from the South Aegean Sea through the open south-
ern marginal condition. As can be seen, the concentrations of tracer-south 
(Figure 7) vary in depth inversely with the water residence times (Figure 6) at 
the same time points. Also, at depths greater than 30 - 35 m (Figure 7(b) and 
Figure 7(c)), the concentration of tracer-south in November tends to 1.0, which 
means complete renewal of water in these cells, which occurred about 20 days 
ago, provided that such is the residence time (Figure 6(b), Figure 6(c)).  

It can be concluded from the above that tide and wind mainly have an effect 
on the surface layers and less on the deeper ones. Also on the surface layers, the 
tide and the wind restore the water of the computing space, thus preventing its 
renewal with the “pure” water of the open sea, which enters the southern boun-
dary condition. On the contrary, the renewal of water is almost complete in the 
deeper layers of the Southern Euboean Gulf, after about 11 months. 

3.2. Sewage Mixing 

Five (5) submarine pipelines—through diffusers—processed municipal waste-
water are installed within the research area. Table 1 gives the names of the dif-
fusers, the names of the areas where they are installed, the names of the corres-
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ponding tracers, the depth of disposal, the discharge of the liquid waste and the 
initial concentration of the suspended solids contained therein. Figure 8 shows 
the positions of the submarine pipelines as well as some of the control points 
designated in the present investigation (P1, P2, P3, P4, P5). 
 

 
(a)                      (b)                  (c) 

Figure 7. Depth change in tracer-south concentration at sites: (a) K4, (b) K5 and (c) 
K1 of the Southern Euboean Gulf, in mid-March, June, September and November. 

 

 

Figure 8. Locations of submarine pipelines for municipal waste water disposal in 
the Euboean Bay and designated control points in coastal areas. 
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Table 1. Disposal characteristics of treated municipal waste through diffusers. 

Νο. Diffuser’s name 
Name of  
the area 

Tracer’s 
name 

Depth of 
disposal (m) 

Discharge of 
municipal waste 

(m3/s) 

Concentration 
of suspended 
solids (mg/l) 

1 DIFFUSER 1 KASTELA Tracer 3 18 0.04 10 

2 DIFFUSER 2 CHALKIS Tracer 4 10 0.24 35 

3 DIFFUSER 3 ERETRIA Tracer 5 24 0.04 35 

4 DIFFUSER 4 AMARINTHOS Tracer 6 19 0.03 30 

5 DIFFUSER 5 ALIVERI Tracer 7 47 0.04 25 

 
An interesting question that arises is how tide, atmospheric charge and ba-

thymetry influence the mixing and dilution of the pollutants contained in these 
treated municipal wastes. The mechanics of the discharge of these pollutants in-
to the near filed through the two-dimensional buoyant jets are not examined, 
but the mixing in the far field in the complex hydrodynamic area created by the 
aforementioned loads is simulated with the ELCOM model. The description of 
conservative pollutants contained in urban waste water is provided in the form 
of conservative tracers. Thus, in each diffuser outlet, a conservative tracer (Table 
1) is assigned a dimensional concentration value of 1. The discharge of each dif-
fuser and the concentration of each tracer are assumed to enter the computa-
tional cell located above the diffuser. Because the computational cell measuring 
40 m × 100 m × 5 m or larger contains a significant volume of water, the in-
coming tracer concentration in this cell appears to be well below 1, as the 
amount of pollutant contained in the effluent discharges with tracer concentra-
tion equal to 1, enters a much larger volume of water.  

From the annual simulation of a typical year, results from two time periods, 
one winter (6-3-2016) and one summer (14-7-2016), are selected and presented. 
The winter time was selected by the criterion of low temperature, but also its 
sufficient distance from the first day of simulation, so as to have a “warm up”, 
the computational model and to restore the hydrodynamic field without affect-
ing it from the initial conditions. Both winter and summer were selected as low 
wind days to better determine the effect of the tide. The mean daily air tempera-
tures were 12.59˚C and 27.85˚C on these two dates and the mean daily wind 
speeds were 1.26 m/s and 1.38 m/s, respectively. 

Figure 9 is a chromatic representation of the dimensional concentration of 
tracer 7, which comes from the disposal of municipal waste water by Diffuser 5 
in the Aliveri area, at the selected winter time (6-3-2016), both on the surface 
(Figure 9(a)) and on the bottom (Figure 9(b)). It is observed that on the surface 
the dispersion field is wider than the bottom one and that the surface concentra-
tions are lower than the bottom, which is to be expected. In the same region, the 
corresponding results for tracer 7, but for summer time (14-7-2016), show much 
lower surface concentrations (Figure 10(a)) than the bottom (Figure 10(b)). In 
addition, smaller concentrations (Figure 10(a)) are observed on the surface 
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during the summer time compared to the corresponding concentrations on the 
surface of the winter time (Figure 9(a)). This observation is an indication of 
density stratification, the existence of which may prevent vertical mixing during 
the hot season. 

 

 
(a) 

 
(b) 

Figure 9. Color representation of the dimensionless concentration of the tracer 7 con-
servative tracer, derived from the disposal of liquid municipal waste by Diffuser 5 in the 
Aliveri region, at a winter time (6-3-2016): (a) at the surface, (b) at the bottom. 
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(a) 

 
(b) 

Figure 10. Color representation of the dimensionless concentration of the conservative 
tracer 7, derived from the disposal of municipal waste water by Diffuser 5 in the Aliveri 
region, at a summer time (14-7-2016): (a) at the surface, (b) at the bottom. 

 
Figure 11(a) shows the change in the depth of the dimensional concentration 

of tracer 7, derived from Diffurer 5 at the Aliveri position. As it turns out, de-
spite the fact that it is winter time (16-03-2016, 12:00), there is a slight stratifica-
tion of density (Figure 11(b)). The stratification gradient is 4.5 × 10−5 s−2, as 
calculated from the ratio: 
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(a)                 (b)                  (c)                (d) 

Figure 11. Change in the water column, in winter time (6-03-2016, 12:00), above Diffurer 
5, at Aliveri of: (a) dimensionless concentration of tracer 7, (b) density σ, (c) the velocity 
of water, (d) the direction of velocity. 

 

( ) s b

b
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H

ρ ρ
ε

ρ
−

= −                      (1) 

where ε(z) is the stratification gradient, ρs is the surface density, ρb is the bottom 
density, H is the depth of water and g is the acceleration of gravity [30]. 

However, even this small density stratification substantially traps tracer 7 
from the bottom to a depth of about 22 m. Figure 11(c) shows the water velocity 
values in the water column, which are relatively small, and Figure 11(d) shows 
the direction of velocity. 

Much more pronounced is the density stratification (Figure 12(b)) during the 
summer time (14-07-2016, 12:00), above the Diffurer 5 in the Aliveri position. 
The stratification gradient calculated from Equation (1) is 5.4 × 10−4 s−2, that is, 
about 10 times higher than the corresponding winter season. This high density 
stratification results in the reduction of vertical mixing and the tracer 7 being 
trapped below a depth of 32 m (Figure 12(a)). The concentration is almost zero 
to the upper layers of water. Figure 12(c) and Figure 12(d) again give the values 
of water velocity and direction in the water column above Diffuser 5. 

3.3. Concentration of Drainage Traces at Characteristic Selected  
Control Points 

It is important to consider how some areas of high economic, tourist and envi-
ronmental value in the Euboean Gulf are affected by the outflow of liquid mu-
nicipal waste and within this complex hydrodynamic field. For this purpose five 
surface cells P1, P2, P3, P4, P5 have been designated in the areas of Politika,  

https://doi.org/10.4236/cweee.2019.84007


E. Tsirogiannis et al. 
 

 

DOI: 10.4236/cweee.2019.84007 115 Computational Water, Energy, and Environmental Engineering 

 

 
(a)                 (b)                 (c)                (d) 

Figure 12. Change in the water column, in summer time (14-07-2016, 12:00), above Dif-
furer 5, at Aliveri of: (a) Dimensionless concentration of tracer 7; (b) Density σ; (c) The 
velocity of water; (d) The direction of velocity. 
 
Chalkis, Eretria, Amarinthos and Aliveri respectively, as shown in Figure 8. The 
mean daily change in the concentration of conservative passive indicators is ex-
amined here, derived from the disposal of liquid urban waste water from the five 
diffusers (Diffuser 1 to Diffuser 5) and the concentration of suspended solids for a 
simulation period of one year. Note that any conservative tracer is contained in the 
disposed treated urban wastewater with dimensionless initial concentration 1, as 
well as the suspended solids, with initial concentration, reported in Table 1. 

In Figure 13, the mean daily change over time of the concentration of con-
servative passive indicators, derived from the disposal of processed municipal 
waste, at the aforementioned checkpoints P1 to P5 is examined. Figure 13(a) 
shows that at point P1 of the Politika region of the North Euboean, higher con-
centrations of passive conservative pollutants originating from Diffuser 2, lo-
cated in the South Euboean and smaller than the local Diffuser 1, are observed. 
This is due, firstly, to Diffuser 2’s significantly higher wastewater supply, and 
secondly, to the tide, which transports pollutants from Diffuser 2 of South Eu-
boea to point P1 of North Euboea. It should be noted that due to the narrow 
width of Evripus strait of only 40 m, the velocity field created in this area 
presents high values, with maximum speeds in the strait of about 2.5 m/s. In the 
same Figure 13(a), the concentration of suspended solids derived from both 
Diffuser1 and Diffuser2 diffusers is presented. 

At the control point P2 of the South Euboean Gulf, concentrations of con-
servative pollutants (Figure 13(b)) appear, coming only from the very close 
Diffuser 2, through which the treated waste from the city of Chalkida is dis-
posed. Obviously, due to low supply and long distance it does not reach point 
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P2 significantly pollution from the Diffuser 1 in north Euboean, nor from Dif-
fuser 3, Diffuser 4, Diffuser 5, which are some distance southeast of the control 
point P2. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

Figure 13. Average daily variation of conservative passive indicators, derived from the 
disposal of municipal waste water from five diffusers (Diffuser 1 to Diffuser 5) and sus-
pended solids at the control points: (a) P1, (b) P2, (c) P3, (d) P4 and (e) P5, for a simula-
tion period of one year. 

 
Concerning point P3 in the Eretria region, Figure 13(c) shows that it is pol-

luted by both the nearby Diffuser 3 and Diffuser 4, as well as the more distant 
Diffuser 2 (with significant pollution values) and Diffuser 5 of the South Euboean 
Gulf. A similar situation applies to the control point P4 of the Amarinthos area of 
South Euboean. Ιn Figure 13(d) it is observed that up to the 8th month of the 
simulation, it is mainly polluted by the nearby sewers (Diffuser 3, Diffuser 4 and 
Diffuser 5), whereas from August onwards the pollution from Diffuser 2 is do-
minant. Note that the Diffuser 2 is at a longer distance, but it has a significantly 
larger supply than the others. Even at the remote control point P5 of the Aliveri 
area, Diffuser 2 pollution is significant, especially after October (Figure 5(e)).  

The suspended solids entering the Euboean Bay are derived from inorganic 
processes occurring in Waste Water Treatments plants (WWT). They have a 
diameter of 2.5 µm, a density of about 2650 Kg/m3 [31] [32], remain in suspen-
sion for a long time and can adsorb toxic metals such as nickel (Ni) and zinc 
(Zn) on their surface [33], either during their diffusion or in the process of col-
lecting them on WWT. In many cases, the collection and treatment of waste wa-
ter, other than urban waste, also includes industrial waste water, which is trans-
ported through canals or streams to coastal areas. Thus, the lower layers of these 
coastal areas are burdened by sedimentation and deposition, with the risk of fu-
ture water quality deteriorating. 

For this reason, Figure 14 shows the change in the concentration of sus-
pended solids over time at control points P2, P3, P4 and P5. The same diagrams 
show the water residence time at these points. At all these four checkpoints 
(Figures 14(a)-(d)) an increase in the concentration of suspended solids is ob-
served as the mean residence time of the water increases. Admittedly, the resi-
dence time is after 12 months of simulation of two months, which means a good 
renewal of water at these points, but shorter than the rest of the computing 
space, as shown in Figure 4(a).  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 14. Average daily change in the concentration of suspended solids emanating 
from the five diffusers (Diffuser 1 to Diffuser 5), compared to the average daily residence 
time of water at the surface of the control points: (a) P2, (b) P3, (c) P4 and (d) P5. 
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4. Discussion 

An interesting question that arises is whether tide ultimately contributes to bet-
ter mixing and dispersing of pollutants and to better renewal of water or vice 
versa, as it restores remote pollutants that were previously available. Although 
the question is purely theoretical and without practical application, its answer is 
scientifically interesting. Since the answer to this query for the whole simulation 
field is extensive, it will then provide an indicative answer for only one point, the 
control point P2. This point is selected as it is very close to Diffuser 2, which has 
the largest supply of treated wastewater, with a small depth of discharge (only 10 
m) and is also close to Euripus Strait, where tidal flow velocity reaches high val-
ues (2.5 m/s). 

In Figure 15(a) it is plotted over time for control point P2 the dimensional 
concentration of a conservative tracer derived from neighboring Diffuser 2, with 
and without tide, as shown by the numerical simulation with the ELCOM model. 
As can be seen from this figure, the presence of tides results in much lower con-
centrations all day long.  

In Figure 15(b), the concentration of suspended particles, derived from all 
(and all five) diffusers, with and without tides, is plotted at the same control 
point P2. Again, the tide is beneficial as it results in significantly lower concen-
trations, all day long. 

From Figure 15(c) is concluded that the average daily velocity of water in tid-
al conditions is almost twice the average daily velocity in the absence of tide. Al-
so, from Figure 15(c) it is shown that the average residence time of water at the 
P2 control point is, for most days, shorter than in tidal conditions. In fact, in the 
last months of the year, the water’s residence time is almost half in tidal condi-
tions compared to the one in its absence. Therefore, for control point P2, it ap-
pears that the tide has a positive effect on faster water renewal and faster mixing 
and removal of the resulting conservative pollutants from the disposal of liquid 
municipal waste. 

5. Conclusions 

The mixing characteristics in the marine environment of the Euboean Gulf were 
simulated under tide, meteorological and oceanographic conditions. The ELCOM 
three-dimensional hydrodynamic model has been used to simulate the effect of 
the tide, as well as atmospheric forcing in the hydrodynamic circulation and in 
pollutant mixing. 

The age of the water in each cell was calculated. Satisfactory renewal of Eu-
boean waters was found in both surface and bottom cells. After about 11 
months, water is almost completely renewed for depths greater than 30 - 35 m 
with “pure” water derived from the boundary conditions, while the surface lay-
ers are older. It is concluded that the tide and the wind mainly affect the surface 
layers (up to 30 - 35 m) and less on the deeper ones. It seems that in surface 
layers the tide and the wind restore the water of the computational space, thus 
preventing its renewal with “pure” water of the open sea. 
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Figure 15. Daily variation over time at control point P2, with and without tide: (a) The 
concentration of conservative tracer derived from the disposal of treated wastewater by 
Diffuser 2; (b) The concentration of suspended solids derived from the five diffusers; (c) 
Average daily velocity and average residence time of water. 

 
The mixing and dilution in the far field of pollutants, contained in the treated 

municipal waste of five diffusers, installed and operating in the research area, 
was simulated. It was observed that during the summer season the concentra-
tions of pollutants on the surface are much lower than those of the winter sea-
son. It was found that this variation was due to the density stratification, which 
is much greater during the summer season. It has been found that the presence 
of even a small density stratification contributes to the entrapment of pollutants 
in the deeper layers, preventing vertical mixing and leading to low concentra-
tions in the upper layers of water. 

The combined impact of municipal waste water effluents from the five diffus-
ers operating in the research area was investigated in five selected areas of high 
economic, tourist and environmental value (control points P1, P2, P3, P4, P5). It 
has been shown that the pollution of control point P1 of the North Euboean Gulf 
is less due to the local Diffuser 1 and more to the Diffuser 2 of the South Eu-
boean Gulf, since the latter, on the one hand, has greater waste water supply and 
on the other due to the transfer of pollutants through the pond South to the 
North Euboean, due to the high flow velocities in this area. The significant effect 
of Diffuser 2 is also evident at the other control points P3, P4, P5, which appear 
to receive greater amounts of pollutants than their nearest diffusers. But in the 
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end, there is a short residence time in the water for these points, and therefore a 
satisfactory renewal of the water bodies, but shorter than the rest.  

Finally, at control point P2, which is very close to Diffuser 2 with the highest 
effluent treatment and a small (only 10 m) depth of discharge, it was investigated 
whether the presence of tide contributes to better mixing and dispersing of pol-
lutants and to better water or on the contrary, as it restores remote pollutants 
that were released earlier. It has been found that the presence of tides results in 
significantly lower concentrations all day long. Also, the water residence time at 
this point in most days is shorter in tidal conditions than without it. In fact, in 
the last months of the year, the water’s residence time is almost half in tidal con-
ditions compared to the one in its absence. That is to say, for this very important 
control point, the presence of tides has a positive effect on the faster renewal of 
water and the faster mixing and removal of the resulting conservative pollutants 
from the disposal of liquid municipal waste. 
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