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Abstract

Hydrodynamic circulation in a marine environment, characterized by the in-
fluence of strong tides, atmospheric loading and bathymetry, is a complex
phenomenon. The physical and hydrodynamic characteristics of this flow are
absolutely crucial for the vertical mixing of the sea masses and consequently
for the mixing of their physico-chemical parameters, such as nutrients and
oxygen, as well as for the diffusion and dispersion of passive pollutants, the
recharge of the waters and the general environmental situation. This paper
examines the effect of a future increase in mean air temperature on the water
column stratification of coastal areas of interest, which are subject to the
above loadings and receive treated urban wastewater, and how this increase
could affect their diffusion and mixing of conservative pollutants contained
therein.
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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 coast-
al waters. Additionally, the tidal currents transport pollutants back and forth
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before sometime dispersing them into the sea [7].

In the Eastern Mediterranean, the tidal currents are in general relatively weak
and in most cases 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]. Despite the fact
that some research has been conducted in the wider southern European region
[15] [16] [17] [18] on sea level changes, but also within the Euboean Gulf [19]
[20], there are still today no systematic measurements and few available papers
describing, explaining and illustrating the various effects of tides on hydrody-
namic circulation, but also on the diffusion and transport of pollutants [21].

In the present study, the hydrodynamic circulation in the Euboean Gulf re-
gion was simulated by computer. The three-dimensional hydrodynamic model
AEM3D (3-Dimensional coupled Hydrodynamic-Aquatic Ecosystem Model),
which is the evolution of the ELCOM-CAEDYM software, was used. The
AEM3D software is considered particularly effective for simulating hydrody-
namic models that include the influence of the strong tides that characterize the
study area, the Coriolis force—due to the rotation of the earth—and climatolog-
ical factors such as total solar radiation, atmospheric pressure, relative humidity,
precipitation, air temperature, wind speed and direction. This model also 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], in the Persian Gulf [25], a
study in which also included a simulation of the tide and the Blagdon Lake in the
UK, a study investigating the effect of climate change on stratification and the
application of mitigation methods [26]. Special research regarding the hydrody-
namic state of the Euboean Gulf and the conditions that affect, it has been con-
ducted by Kotsovinos and Skaloumpakas [27] [28]. The Mixing Characteristics
under Tide, Meteorological and Oceanographic Conditions in the Euboean Gulf
Greece [29] has been simulated in a recent work of the author with the use of the
AEM3D model. On the official website of the COPERNICUS system of climate

change services (https://climate.copernicus.eu), an increase of 1.21°C in the av-

erage global air temperature has been recorded since pre-industrial times,
namely from 1970 to 2022. By the year 2034, if environmental conditions do not
improve, a further increase in an average temperature of 0.29°C is predicted. In
other words, in the year 2034, an average increase in air temperature of 1.5°C is
expected, compared to 1970, as illustrated in the following Figure 1.

In this paper, a hypothetical climate scenario of a future increase in global air
temperature of 1.5°C is considered, assuming that in the next 64 years, there is
no reversal of the greenhouse effect that is primarily responsible for this increase
and that the average air temperature continues to rise at the same rate as in pre-
vious years.

The aim of the scenario and the present study is to simulate the increase in
mean air temperature in order to investigate whether there will be more pro-

nounced stratification at specific control points of coastal areas of interest, in
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How close are we to reaching a global warming of 1.5°C?

Reaching 1.5°C of global warming - a limit agreed under the Paris agreement - may feel like a very distant reality,
but it might be closer than you think. Experts suggest it is likely to happen between 2030 and the early 2050s.

See where we are now and how soon we would reach the limit if the warming continued at today’s pace.

Use the slider to explore how the estimate changes in time.

Explore the app in the CDS

Global warming reached an estimated 1.21°C in September 2022.
If the 30-year warming trend leading up to then continued,

global warming would reach 1.5°C by August 2034. e
August 2034
September 2022 N e
1.21°C
1Ic
0.5°C
0°C
1970 1980 1990 2000 2010 2020 2030 2040 2050 2060

Generated using Copermicus Climate Change Service information 2022.

2000 2003 2006 2009 2012 2015 2018 2021 Dec 2021 Mar 2022 Jun 2022 Sep 2022
— Temperature trend Observed temperature change since pre-industrial times
IPCC “likely” estimate IPCC projections Version: 4.35.4 - build f8ced5bb

Figure 1. Increase in average global air temperature from the year 1970 to the year 2034, obtained from https://climate.copernicus.eu.

order to investigate whether and to what extent the possible increase in stratifi-
cation will affect the hydrodynamic state of the lower bottom layers in coastal
areas of interest, such as water temperature, flow rate, and water recharge time.
The above characteristics are absolutely crucial for the vertical mixing of the sea
masses and consequently for the mixing of their physico-chemical parameters,
such as nutrients and oxygen, and consequently for the diffusion of urban
wastewater from the disposal pipelines simulated in the computational domain

of the study.

2. Methods
2.1. Study Area

The study area (Figure 2) consists of the North Euboean Gulf with a total area of
1060 Km? and the South Euboean Gulf with an area of 900 Km?. The connection
between these two bays is through the Euripus Strait, which is essentially a nar-
row and shallow channel with dimensions of 40 m x 40 m x 10 m, the main
characteristic of which is the existence of a strong tide [20]. It is typically re-
ported that during the half-period (T/2 = 6 h) the maximum flow rate in the Eu-
ripus Strait reaches about 2.5 m/s [27] [28].

2.2. Model Setup

The area of the Euboean Gulf, selected for the numerical simulation of the
present study, whose bathymetry is shown in Figure 3. It is bounded to the west

and east by Central Greece-Attica and Evia respectively, as well as by the northern
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Figure 2. Map of the northern and the southern Gulf of Evoikos.
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Figure 3. Bathymetric map of the simulation area of the Euboean Gulf.

and southern Aegean Sea. A variable-dimensional rectangular computational
grid structured by rectangular computational discretization cells with dimen-
sions of 40 m x 100 m to 400 m x 400 m was formed. The progressive variation
of the dimensions of the computational cells was necessary due to the restrictive
40 m width of the Euripus Strait on the one hand and the avoidance of an exces-
sive number of cells on the other hand in the case of using fixed 40 m x 40 m

cells, which made it impossible to execute the computational code. Based on this
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limitation, the computational simulation included the entire South Euboean
Gulf and (1/3) the North Euboean Gulf. The northern and southern boundaries
of the simulated area are shown in Figure 2.

A total of 20 layers were defined in the vertical direction. The first 8 layers
from the surface were of variable thickness from 2.5 m to 5.0 m with a progres-
sive increase, while the remaining 13 deeper layers up to the bottom had a con-
stant thickness of 5.0 m. This vertical discretization by selecting as dense a ver-
tical computational grid as possible was carried out in order: 1) to simulate as
accurately as possible the hydrodynamic circulation of the 10 m deep Euripus
Strait, which is absolutely crucial for the communication between the north and
south Euboean Gulf; 2) to better reflect the results in the shallow coastal areas of
particular interest; and 3) to achieve the highest possible accuracy in the vertical
distribution of velocities, density stratification and tracer concentrations by
depth. The maximum simulation depth reached —86.0 m. The computer net-
work consisted of 225,351 active water cells.

A turbulent benthos boundary condition was used at the bottom by applying a
constant friction coefficient. An “open” boundary condition was applied at the
northern and southern boundary of the computational domain, passively allow-
ing water to flow in or out of each cell according to the flow needs. Based on ob-
servations and measurements reported in the literature [14] [21] [27] [28], va-
rying sea level boundary conditions were imposed on the northern and southern
boundary to simulate tides, according to Figure 4.

The initial salinity and temperature condition at the start of the simulation in
all cells of the computational domain was the same everywhere and equal to
38.88 psu and 18.35°C respectively. These are average values for the year 2016,
taken from the COPERNICUS system. The time step between cycles was 1.0
min. The simulation was performed for one year (2016) which was considered as
a representative typical year. Meteorological data were fed in every 10 min,
namely wind speed and direction, atmospheric pressure, air temperature, rela-
tive humidity, rainfall amount and solar radiation. These data (Figure 5) were
measured by meteorological stations of the National Meteorological Service, lo-
cated in the cities of Lamia and Aliarto, which are adjacent to the study area.

——North Open Limit — - South Open Limit

Sea Level (m)

2016-01-01 2016-01-01 2016-01-01 2016-01-01 2016-01-02 2016-01-02 2016-01-02 2016-01-02
05:00:00  11:00:00  17:00:00  23:00:00  05:00:00 11:00:00  17:00:00  23:00:00

Figure 4. Tidal sea level variations at the northern and southern boundaries of the com-
putational domain for 48 hours.

DOI: 10.4236/cweee.2023.123001

5 Computational Water, Energy, and Environmental Engineering


https://doi.org/10.4236/cweee.2023.123001

E. Tsirogiannis, P. Angelidis

— Solar Radiation (W/m?)-(a)

250

p N f{v o hf
VU L N

15
—— Air Temperature (degrees Celsious)-(b) ~ -Relative Humidity-(c)

10
TR t o A ?‘ R
u <n l(‘»\ Il' .. " >"' :
1."

5
: g '¢ ,(\‘h i'
.\'i,i f ﬁ

S O o O

—Wind Speed (m/s)-(d)

350

300

250

200

150

100

50

0 ULl

2016-02-01 2016-04-01 2016-06-01 2016-08-01 2016-10-01 2016-12-01

Figure 5. (a) Air temperature and solar radiation, (b) wind speed and direction, (c) at-
mospheric pressure and relative humidity, per 10 minutes for the year 2016 in the study
area.

3. Results and Reliability

The validity of the results of the present study is first examined. Since there are
no systematic field measurements in the study area, results of the present study
will be compared with available COPERNICUS model predictions at two points
K1 and K2 of the southern Euboean Gulf, whose location is shown in Figure 2.
Figures 6(a)-(d) show the time evolution of the mean salinity at different
depths (1, 20, 40, 60 m), as obtained from the simulation of this study with the
AEM3D software and from the COPERNICUS system at point K1. It is observed
that the predictions of the two models are similar. The comparative results for
point K2 and for depths of 1, 30, 50 and 80 m are similar (Figures 6(e)-(h)).
Figure 7 shows the comparison of the vertical distribution of the mean salini-
ty, as a result of the simulation of the present study with the AEM3D software
and as a prediction from the COPERNICUS system at point K2 for the months
of August (Figure 7(a)) and December (Figure 7(b)). As can be seen, the simulation
results with the two models are remarkably close. Similarly, the results of the two

simulations are also similar at point K1 for various months considered.
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Figure 6. Comparison of the average salinity in a vertical water column for different
depths, as obtained from the simulation of the present work by the AEM3D software and
by the COPERNICUS system at points K1 ((a)-(d)) and K2 ((e)-(h)).
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Figure 7. Comparison of the vertical distribution of the mean salinity, as obtained from
the simulation of the present paper by the AEM3D software and by the COPERNICUS
system at point K2 for the months of August (a) and December (b).

Figure 8 shows the time evolution of the mean temperature at point K1 for
the surface (1 m depth) and for 10 m depth, based on the simulation of the
present study with the AEM3D software and the COPERNICUS system predic-
tion. For the whole simulation period of one year, the results of the two models
converge satisfactorily [21].

Vertical distribution of the mean temperature at point K1 is shown in Figure
9(a) and Figure 9(b) for the months of May and June respectively. The compar-
ison of the predictions of the present work with the AEM3D model and with the
COPERNICUS system again shows satisfactory convergence [21].

4. Urban Wastewater Disposed of in the Area

Five (5) underwater pipelines for the disposal—through diffusers—of treated
municipal wastewater are installed within the survey area [29]. Table 1 shows
the names of the diffusers, the names of the areas where they are installed, the
names of the corresponding tracers, the depth of disposal, the flow rate of the
wastewater and the initial concentration of suspended solid particles contained
in them. Figure 10 shows the locations of the underwater pipelines—diffusers as
well as some of the control points (P1, P2, P3, P4, P5) defined in the framework

of this research and Figure 11 shows in color the dimensionless concentration of
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Figure 8. Temporal variation at point K1 of the mean temperature at the surface (depth 1
m) and at a depth of 10 m, as obtained from the simulation of the present study by the
AEMS3D software and the COPERNICUS system.

Table 1. Characteristics of disposal of treated urban waste water via diffusers.

Disposal ~ Urban  Concentration of

Diffuser’ T ’
Husers Setup Area racers depth  waste flow suspended solid
name name )
(m) (m’/s) particles (mg/1)
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 DIFFUSER4 AMARINTHOS Tracer 6 19 0.03 30
5 DIFFUSER 5 ALIVERI Tracer 7 47 0.04 25

DOI: 10.4236/cweee.2023.123001 10 Computational Water, Energy, and Environmental Engineering


https://doi.org/10.4236/cweee.2023.123001

E. Tsirogiannis, P. Angelidis

Water Temperature ('C)
10 12 14 16 18 20 22 24 26

0 :
10 f
2 —+—COPERNICUS
30
40
50

60

~-AEM3D

Depth (m)

(a)

Water Temperature (°C)
10 12 14 16 18 20 22 24 26

TT
N N N N A A 11 A ]
T
-

20 [/ —e—COPERNICUS
30

40

50 o

60

~-AEM3D

Depth (m)

(b)

Figure 9. Comparison of the vertical distribution of the mean temperature, as obtained
from the simulation of the present study by the AEM3D software and by the COPERNICUS
system at point K1 for the months of May (a) and June (b).
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Figure 10. Positions of the underwater urban waste water disposal pipelines in the Eu-
boean Gulf and the designated control sites in the coastal areas.
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Color representation of the dimensionless concentration of conservative tracers from mu-

nicipal wastewater disposal at various times of the simulation at the bottom, (a) TRACER 3 from
DIFFUSER 1 in the KASTELA area, (b) TRACER 4 from DIFFUSER 2 in the CHALKIS area, (c) TRACER
5 from DIFFUSER 3 in the ERETRIA area, (d) TRACER 6 from DIFFUSER 4, in the AMARINTHOS
area and (e) TRACER 7 from DIFFUSER 5, in the ALIVERI area.

the conservative tracers representing the liquid urban waste disposed by the dif-

fusers at various times of the simulation on the bottom.

5. Hypothetical Climate Scenario and Results

In this paper, a hypothetical climate scenario of a future increase of the global
average air temperature by 1.5°C is considered, provided that in the next 64
years there is no reversal of the greenhouse effect, which is mainly considered
responsible for this increase, and that the average air temperature continues to
increase at the same rate as in previous years, as mentioned in paragraph 1. For
this reason, a second simulation was performed, in which in the meteorological
data that entered into the time series of air temperature values, all values was
considered 1.5°C higher than the corresponding ones of the year 2016, as illu-
strated in the following Figure 12. No changes were made to the values of the time
series of incident solar radiation, since it was not possible to predict changes in the
rate of cloud cover due to the long-term release of CO, and other greenhouse

gases likely to affect it.
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Figure 12. Comparison of air temperature per decade for the year 2016 in the study area
and increased by 1.5°C, according to the hypothetical climate scenario.

Based on the two simulations, that of the year 2016 and that of the hypotheti-
cal climate scenario, the warmest period is from 15 June to 27 August, with the
warmest day being the 2nd of August, when the highest temperature of 36°C was
recorded. For this warm period, the vertical distribution of temperature and wa-
ter density at three control points of coastal areas of interest (P2, P4, P5) will be
examined at the hottest day of the simulations, which is the 2nd of August, in
order to verify in principle, whether the future increase in average air tempera-
ture will cause a variation in the stratification of the water column at these
points and, consequently, in the concentrations in the bottom layers, with regard
to the conservative pollutants originating from the local urban waste water dis-
posal systems. From the comparison of the vertical distributions of temperatures
and water densities of the simulation results of the two models, on the warmest
day of the simulations (2 August) for the control points P2, P4 and P5, a slightly
stronger thermocline in the middle and bottom layers was found in the hypo-
thetical climate scenario, compared to that of 2016. Specifically, a slight increase
in temperature and water density of (0.5, 0.8 and 0.65)°C in terms of temperature
and (0.12, 0.22 and 0.17) Kg/m’® in terms of water density was observed at the
points (P2, P4, P5) respectively, as shown in the following Figures 13(1a)-(1c)
and Figures 13(2a)-(2c).

Density ois related to the density p, through the formula:

p=1000+0(Kg/m’) (1)

While the stratification gradient is calculated from the formula:
¢(z)==(g/p,) (P, =P,/ H) (2)

where &(2) is the stratification gradient, p, is the surface density, p, is the bottom
density, His the depth of water and gis the acceleration of gravity [30].

Next, they were examined comparatively for the two simulations (current and
future situation): 1) The water age; 2) The dimensionless concentration of tracers
representing the urban wastewater coming from the local pipelines DIFFUSER 2,
DIFFUSER 4 and DIFFUSER 5; and 3) The concentrations of suspended solid
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Figure 13. Comparison of the vertical distribution of 1) Temperature and 2) Water density s, as obtained from the AEM3ED
software for the year 2016 and for the year of the hypothetical climate scenario (H.C.S. for short), (a) At point P2 of the CHALKIS
region, (b) At point P4 of the AMARINTHOS region and (c) At point P5 of the ALIVERI region, on the hottest day of the simula-

tions (August 2 at 11:30 a.m.).
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particles contained in the disposed urban wastewater at the control points, P2
located in the CHALKIS area, P4 located in the AMARINTHOS area and P5 lo-
cated in the ALIVERI area. The test was conducted for the warmest period of the
simulations from 15 June to 27 August, in the bottom layers of the points, at
depths of 8 m and 13 m respectively, as shown in the following Figures 14(a)-(c),
Figures 15(a)-(c) and Figures 16(a)-(c).

—— Residence Time P2 2016 (Depth 8 m) —— Residence Time P2 H.C.S. (Depth 8 m)

55 | —— __________________________ g |
501 ,,,,,,, o ,,,,,,,, | ,,,,,,,,,,,,, ! | m‘ (U100
R, IOSS———— - | TR | L L SRR
10 Becdiect M | Pae: | o N
T - T— -

2016-06-30 2016-07-15 2016-07-30 2016-08-14
(@)
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Figure 14. Comparison of the water age, during the warmest period of the simulations
from 15 June to 27 August as derived from the AEM3ED software for the model of the
year 2016 and for the hypothetical climate scenario (H.C.S. for short), (a) At point P2 of
the CHALKIS area in the 8 m bottom layer, (b) At point P4 of the AMARINTHOS area in
the 8 m bottom layer and (c) At point P5 of the ALIVERI area in the 13 m bottom layer.
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Figure 15. Comparison of the dimensionless concentration of tracers representing the
wastewater coming from the local drains during the hottest period of the simulations,
from 15 June to 27 August, as obtained from the simulation with the AEM3ED software
for the year 2016 and for the year of the hypothetical climate scenario (H.C.S. for short),
(a) TRACER 4 from DIFFUSER 2 at point P2 in the CHALKIS area at 8 m bottom layer,
(b) TRACER 6 from DIFFUSER 4 at point P4 in the AMARINTHOS area at 8 m bottom
layer and (c) TRACER 7 from DIFFUSER 5 at point P5 in the ALIVERI area at 13 m bot-
tom layer.

DOI: 10.4236/cweee.2023.123001

18 Computational Water, Energy, and Environmental Engineering


https://doi.org/10.4236/cweee.2023.123001

E. Tsirogiannis, P. Angelidis

—— SUSPEN. SOLIDS P2 2016 (Depth 8 m) —— SUSPEN. SOLIDS P2 H.C.S. (Depth § m)

o ——— TSI . . | N— S——
2016-06-30  2016-07-15 2016-07-30 2016-08-14

(a)

~—— SUSPEN. SOLIDS P4 2016 (Depth 8 m) ~— SUSPEN. SOLIDS P4 H.C.S. (Depth 8 m)

0.0034
0.0032
0.0030
0.0028
<0.0026
£0.0024
0.0022
0.0020 1
0.0018
0.0016

2016-06-30  2016-07-15 2016-07-30  2016-08-14
(b)

—— SUSPEN. SOLIDS P5 2016 (Depth 13 m) = SUSPEN. SOLIDS P5 H.C.S. (Depth 13 m)
0.0030 : ' i '
0.0028
0.0026

Eﬂo.0024 ot
0.0022
0.00201
0.0018

2016-06-30  2016-07-15 2016-07-30 2016-08-14
()

Figure 16. Comparison of suspended particulate matter concentration during the warm-

est period of the simulations from 15 June to 27 August, as derived with AEM3ED soft-

ware for the year 2016 and for the year of the hypothetical climate scenario (H.C.S. for

short), (a) At point P2 in the CHALKIS area in the 8 m bottom layer, (b) At point P4 in

the AMARINTHOS area in the 8 m bottom layer and (c) At point P5 in the ALIVERI
area in the 13 m bottom layer.

Figures 14-16 above show that in the 8 m and 13 m bottom layers of control
points P4 and P5 respectively, between the two models, during the hottest period

of the simulations, from 15 June to 27 August, where an increase in stratification
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has been observed, there appear: I) An increase in the water residence time (ac-
cording to Figure 14(b) and Figure 14(c)), of up to 10 days, at points P4 and P5;
IT) Likewise, an increase in the dimensionless concentration of tracers representing
the disposed urban wastewater from the DIFFUSER 4 and DIFFUSER 5 pipe-
lines (according to Figure 15(b) and Figure 15(c) and III) An increase in the
concentration of suspended solid particles from the urban wastewater dis-
charged (according to Figure 16(b) and Figure 16(c)) of up to 0. 003 mg/I at
point P4 and 0.004 mg/l at point P5, in the model of the hypothetical climate
scenario, compared to that of the year 2016. Regarding the 8 m deep bottom
layer at point P2 located in the CHALKIS area, although according to Figure
13(1a) and Figure 13(2a), there is a slight increase in stratification in the model
of the hypothetical climate scenario compared to the model of the year 2016,
during the warmest day of the simulations (2 August), the results according to
Figure 14(a), Figure 15(a) and Figure 16(a) are not similar to those of points
P4 and P5. In particular, there are zero to no differences, in terms of water resi-
dence time, the dimensionless concentration of urban wastewater from the
DIFFUSER 2 pipeline and the concentration of suspended solid particles, be-
tween the two models, the hypothetical and the one for the year 2016. This is
apparently due to the fact that point P2, is much closer than points P4 and P5 to
the Euripus Strait, which experiences strong tidal conditions with higher water
velocities. This can be seen from Figure 17, which illustrates the variation in
average water velocity during the warm period from 15 June to 27 August in
the bottom layers of points P2, P4 and P5, at depths of 8 m, 8 m and 13 m re-
spectively, showing a higher water velocity at point P2 than at the other two
points P4 and P5. The higher velocity at point P2, leads to faster water recharge
in the bottom layer and satisfactory diffusion of the wastewater from the local
DIFFUSER 2.

—Speed P2 (Depth 8 m) — -Speed P4 (Depth 8 m) — Speed P5 (Depth 13 m)

0.09
0.08
0.07
0.06

£ 0.05
0.04
0.03 |
0.02
0.01

2016-06-30 2016-07-15 2016-07-30  2016-08-14

Figure 17. Comparison of the daily water speed, as derived from the AEM3ED software
for the year 2016, during the warmest period of the simulation from 15 June to 27 August,
between the bottom layers of the control points P2 of the CHALKIS area at a depth of 8 m,
P4 of the AMARINTHOS area at a depth of 8 m and P5 of the ALIVERI area at a depth of
13 m.
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Figure 18. Comparison of 1) The vertical distributions of temperature and water density s on the hottest day of the simulations
(August 2) 2) The water age during the hottest period of the simulations from June 15 to August 27 and 3) The concentration of
suspended particles, similarly during the warm period of the simulations at the control points, (a) At point P1 in the POLITIKA
area and (b) At point P3 in the ERETRIA area, in their bottom layers (17 m) and (8 m) respectively, between the model of the year
2016 and that of the hypothetical climate scenario (H.C.S. for short).
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Figure 19. Comparison of the daily water speed, during the warmest period of the simu-
lations from 15 June to 27 August as obtained from the AEM3ED software for the model
of the year 2016 and for the hypothetical climate scenario (H.C.S. for short), at point P1
of the POLITIKA area in the 17 m bottom layer, and at point P4 of the AMARINTHOS
area in the 8 m bottom layer.

It is also interesting to consider the comparison of the vertical distributions of
temperature and water density between the 2016 model and the hypothetical
climate scenario, for two other coastal areas of interest, P1 in the POLITIKA
area of North Euboean Gulf and P3 in the ERETRIA area of South Euboean Gulf
depicted in Figure 10, during the warmest day of the simulations on the 2nd of
August. Figure 18(1a) shows for P1 that the change in the curves of the vertical
distributions in temperature and water density is the same for both models.
While from Figure 18(1b) for point P3, slightly steeper sloping distributions
were obtained in the case of the hypothetical scenario compared to that of year
2016. Also as expected, the slight increase in water column temperature in the
water column at point P3 leads to lower density values in the case of the hypo-
thetical climate scenario, compared to that of the year 2016. The following is a
comparison of the water residence time and the concentration of suspended sol-
ids in the bottom layers of points P1 and P3, at a depth of 17 m and 8 m respec-
tively, between the results obtained for the hypothetical climate scenario and
that of the year 2016, during the warmest period of the simulations from 15 June
to 27 August, according to Figure 18(2a) and Figure 18(2b) and Figure 18(3a)
and Figure 18(3b). For point P1, a shorter water residence time is obtained in
the case of the hypothetical scenario compared to that of the year 2016 (Figure
18(2a)), which leads to a better diffusion of the conservative pollutants to the
bottom in the case of the hypothetical scenario compared to that of the year

2016, as shown in Figure 18(3a). The results for point P3, as shown in Figure
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18(2b) and Figure 18(3b) are contrary to those of point P1 and similar to those
of points P4 and P5, as shown in Figure 14(b) and Figure 14(c) and Figure
16(b) and Figure 16(c). This is due to the development of higher water veloci-
ties during the warm period from 15 June to 27 August in the bottom layer of
point P1 in the case of the hypothetical climate scenario compared to that of the
year 2016 and lower ones during the same period in the bottom layers of the
other control points (P3, P4 and P5) in the case of the hypothetical climate sce-

nario compared to that of the year 2016, as shown representatively in Figure 19.

6. Conclusions

In this paper, the hydrodynamic circulation in the Euboean Gulf is simulated
computationally with the 3-Dimensional coupled Hydrodynamic-Aquatic Eco-
system Model AEM3D, which is the evolution of the ELCOM-CAEDYM soft-
ware that includes the effect of tides, the Coriolis force and climatological fac-
tors.

Two simulations were run. One used meteorological data from local mea-
surement stations taken in the year 2016 and one of a hypothetical climate sce-
nario, in which a time series for air temperature was used, with values higher on
average by 1.5°C, compared to those prevailing in the year 2016. A comparison
of the results in terms of density in the water column at typical coastal points of
interest showed an increase in stratification during the warm period of the si-
mulations, in the hypothetical climate scenario compared to that of the year
2016. The results also showed in the bottom layers of the points of interest,
longer water residence times, higher concentrations in the tracers representing
urban wastewater discharged to the coastal areas from local pipelines and higher
concentrations in the suspended solid particles contained in the urban wastewa-
ter, in the case of the hypothetical climate scenario, compared to that of the year
2016. Of particular interest are the coastal areas located near the Euripus Strait,
where strong tides prevailing in these areas cause higher velocities and better
water recharge in the bottom layers, resulting in no differentiation in the diffu-
sion of conservative pollutants in urban wastewater between the two models, al-
though in the hypothetical climate scenario, we have a slight increase in stratifi-
cation compared to that of the year 2016. While the regions where no change in
stratification is observed in future increases in global average air temperature
appear to have less pollution, in the warm season, due to faster water recharge in
them, due to their lower density.

The above generally indicates that the slight increase in stratification that is
expected to occur in the future in the absence of greenhouse gas mitigation will
further prevent the vertical mixing of the marine masses, especially in the coastal
areas of the South Euboean Sea and consequently the mixing of conservative
pollutants released into the coastal marine environment from anthropogenic ac-
tivities. This sets the basis for further research on the application of methods to

reduce stratification in areas of interest, while ensuring their water quality.
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