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Abstract

A two layer hydrodynamic model for stratified flows is presented in this paper. The model has
been developed and applied to the Thermaikos Gulf, aiming in the study of hydrodynamic
circulation of the gulf as well as the tracing of upwelling zones. That special upwelling
phenomenon constitutes a very important issue for fishery since coastal zones with upwelling
events are characterized by enrichment of surface waters with nutrients, indicating in this way,
increased fish production. The mathematical simulation was based on the finite difference
method. Wind and Coriolis forces constituted the main parameters for the study of the
hydrodynamic circulation under stratification conditions. As far as the basic features of the
seawater circulation are concerned, the results of the model were in line with field measurements,
collected during the period of earlier studies in the gulf. The successful tracing of upwelling
regions resulted from the dominant winds over the coastal domain was one of the most important
findings of the model.
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IHepidnyn

Ymv epyacia avt) TopovcoldleTor  Eva LOPOSLVAUIKO HOVIEAO OVO  OTOPAdV Yo
OTPOUOTOUEVES POEC TO OTTOTO aVOTTUYONKE Kot ePapUOGTNKE LE TOYO TN HeAETN TG BaAdootag
KukAoQopiog oto Ogpuoikd KOATO Kol TNV Oviyvevon — eviOmoUd mePLoy®v avdovons. To



(QOVOUEVO TNG OvVAOLONG OMOTEAEL VOl ONUOVTIKO KEPAANLO Yo TNV OALElD, OQOV TOPAKTIEG
{oveg otic omoieg mapoatnpeitor 10 ouvopevo avtd yopoktnpilovtal amd EUTAOLTICUO TMOV
EMPOVEINKOV OTPOUATOV o Opentikés ovoieg, yeyovdg moL  VTOINAMVEL  ovENUEVN
yoOvomapaywyq. H pobnupatikn mpocopoimorn Poaciotnke otn péBodo twV TETEPACUEVOV
dpopav. O avepog kot ot duvapelg Coriolis amotélecay Tic fACIKES TAPAUETPOVGS Y10, TN LEAETN
™G KuKAoeopiag oTov KOATO kAT omd ovvOnkes otpopdtoons. Ta amoteAéopoto TOL
HOVTEAOV, GE O,TL APOPA TN YEVIKY] HOPPY| TNG KLKAOQOPING GTOV KOATO, NTOV GE GUUE®VIO LE
TIHEG TTESIOV 01 OTOIEC CLAAEYTIKOV GTO TAOUGLO TPONYOVUEVAOV HEAET®V GTNV TTepLoyn. Eva amd
TOL ONUOVTIKOTEPO EEAYOUEVO TOV HOVIEAOL TTOV OMOTEAECE KOL TNV EKTANPMCN TOV GTOYOL TNG
EPYNCIOG NTOV O EMTUYNG EVIOTIOCUOG TEPLOYDV OVAOVONG GE GYECT UE TOVS EMIKPOUTESTEPOVG
OVELLOVG BTNV TTEPLOYN].

A€Ee1c-Khedtd: LoONUOTIKA LOVTELD, VOPOSVVALLKT KUKAOPOPIO, GTPOUATMOUEVT] pON], OvAdVLo,
Bloloyikn mopoywywotnta, yvomapaymyn

1. Introduction

The hydrodynamic circulation of the seawater masses has constituted a subject of research during
the last decades. The use of mathematical simulation contributed significantly to the progress of
this research and various mathematical models were developed for the simulation of
hydrodynamic circulation of the seawaters (Koutitas 1987, Blumberg et al. 1987, Krestenitis et
al. 1997, Drakopoulos et al. 1999, Dodou 2001) as well as for the dispersion of pollutants and
suspended sediments in the marine environment (Koutitas et al. 1980, Al-Raben et al. 1989,
Savvidis et al. 2000, Mpimpas et al. 2001). The successful application of the aforementioned
mathematical models can give useful information for the study of issues related to aquaculture
and fishery.

Especially, in the case where the wind forces, Coriolis forces and forces due to horizontal
pressure gradients constitute the prevailing factors for the generation of hydrodynamic
circulation, the well-known process of upwelling is taking place. The term “upwelling” is used to
express the physical phenomenon of upward movement of the waters, which move from the deep
layers of the sea up to the surface. This special process constitutes a physical mechanism of
enrichment of the surface waters with nutrients and it is considered to be of vital importance for
the fishery and generally the life in the sea. The process of upwelling and its importance is
described in the following paragraphs.

Life in deeper layers of the sea is limited in comparison to life in surface waters therefore there
are large quantities of nutrients due to the absence of living organisms which could consume
them. When deep waters enriched with nutrients move to the surface they enhance biological
activity, making, marine zones, where upwelling events are present, very rich in fish-productivity.
It is quite characteristic that the highest amount of the fishery on a universal scale comes from
regional zones where upwelling events occur, although those regions constitute only the 3% of
the oceans (Albanakis, 1999).

On some coasts, like the Pacific coast of South America, upwelling is fairly steady and it takes
place over a geographical area. On other coasts, like the coast of California, upwelling tends to
occur as localized and short-lived events (Castro et al. 1997).



As far as the Greek Seas are concerned, upwelling regions were traced on the eastern coasts of
the Aegean and Ionian Sea, during the summer period, when northerly winds blow along the
coasts (Albanakis, 1999).

The special upwelling process, described above, refers to the generalized case of the middle
continental shelf seawaters, where the wind blows parallel to the coast, with the coastline on the
left side of the wind direction for the case of north hemisphere or on the right side of the wind
direction for the case of south hemisphere. However, when the waters are shallow, like the waters
of the inner part of the continental shelf, the most favorite winds for upwelling events are the
ones blowing normally to the coast. The case of the hydrodynamic circulation in the Thermaikos
Gulf (Northern Greece), mainly in summer conditions, due to wind forcing and density
differences constitutes a characteristic example for the occurrence of the aforementioned
upwelling events.

Figure 1.1 illustrates the Thermaikos Gulf and its sub-zones as follows: a) the Bay of
Thessaloniki, occupying the northern part of the Thermaikos Gulf, and extending southwards to
the line ‘cape Micro Emvolo — Galikos river mouth’, b) the Gulf of Thessaloniki, which extends
from the line ‘cape Micro Emvolo — Galikos river mouth’, to the line ‘cape Epanomi — cape
Atherida’ and c) the outer Thermaikos Gulf extending south from the Thessaloniki Gulf reaching
the southern boundary line ‘cap Posidi — cap Platamonas’.
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Figure 1.1 Thermaikos Gulf and zonation of the area



As far as the bathymetry of the Gulf is concerned, the basin extends from the shallow nearshore
coastal areas to the deep offshore sea with depths, reaching 100 m (Figure 1.2). Axios, Loudias
and Aliakmonas (Pinos southern but just outside from the computational domain) are the main
rivers, which outflow into the west coasts of the Thermaikos Gulf (Figure 1.1).
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Figure 1.2 Bathymetry of Thermaikos Gulf
(the isobaths are in meters and the horizontal and vertical axis in nautical miles)

2. Material and Methods
2.1 The mathematical model of the two layer hydrodynamic circulation

In the case of vertical stratification of density, successive models of depth average flow for each
separate fluid layer are applied. Given that those measurements prove the existence of a
pycnocline, we can consider that the fluid is two layered (with densities p, ko p, for the upper
and lower layer respectively) and write the equations of equilibrium and mass conservation for
each layer separately. The unknown variables of the differential equations are average depths h,,
h, of upper and lower layer and the respective depth average velocity components U,, V,, Uy, V,
(Figure 2.1).

The formation of stratified flow model equations requires the following simplifying assumptions:
a) the consideration of two non-mixing homogeneous fluid layers and b) the assumption of
horizontal flow. The first assumption is realistic, provided that for small density differences
Ap/p =5 %o -the commonest in nature- turbulence in the interface of the two fluids is minimized
and limited mixing happens there. The second assumption is also realistic for fields with



horizontal dimensions much larger than the vertical ones and consequently so is that of
hydrostatic pressure distribution.

2.2 Model Equations

The equations of mass and momentum conservation were solved, according to the finite
difference method, as follows:

Equation of mass conservation

According to that principle of mass conservation no mass can be generated or lost in a system,
therefore the total amount of mass remains the same (without any changes). The equation, which
describes the principle of mass conservation, is given by the following mathematical relationships
for the upper and lower layer respectively:

Upper Layer
ot LW+ L) =0 @)
ot 0x oy
Lower Layer
My 2w+ L Vhy)=0 (2.2)
ot 0x oy

Equation of momentum conservation - Equilibrium equations

According to the principle of momentum conservation (equilibrium equations), every moving
object cannot gain or loose momentum unless an external force exerts on it. The equations, which
describe the principle of momentum conservation, are given by the following mathematical
relationships for the upper and lower layer respectively:

Upper Layer
along x axis:

v, +U, v, +V, v, = -gi(ho+hu+zb)+
ot Ox oy 0x
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T L AVIU+ £V, (2.3)
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along y axis:
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Lower Layer
along x axis:
ou, FU, ou, iV, ou, _
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along y axis:
ov
- +Uuav“ +V, NV, =
ot ox oy
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0y p 9 p,h, p,hy

where U,, U, the velocity components along x axis of the upper and lower layer, V,, V, the
velocity components along y axis of the upper and lower layer respectively, h,, h, the thickness
of the upper and lower layer respectively, z, the absolute seabed height, p,, p, the densities of the
upper and lower layer respectively, g the gravity acceleration, ts, Tsy the wind shear stresses
along x and y axis, Tix, Tiy the shear stresses in the interface of the two layers along x and y axis,
Tox, Thy the seabed shear stresses along x and y axis, Ay the momentum turbulent eddy viscosity
coefficient and f the Coriolis parameter.

More details concerning the model structure as well as the boundary conditions, applied, can be
found in Koutitas et al. (1994).

3. Results

The above described mathematical model of a completely stratified, two layered field has been
applied to simulate the baroclinic circulation regime in the Thermaikos Gulf which is
characterized by a surface mixed layer overlying a steep pycnocline. That was the case of July
and August 1994, as it is obvious from the typical density profiles (Figures 3.2, 3.3) based on
measurements realized at station TP26 (Figure 3.1), in the framework of a research coordinated
by Proudman Oceanographic Laboratory (P.O.L).
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Figure 3.1 A chart of the bathymetry over the survey area showing moorings THA, THB and survey
stations TP01-34 (Proudman Oceanographic Laboratory, 1997)
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Figure 3.2 Depth distribution of 6, density, measured at station TP26 in July 1994
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Figure 3.3 Depth distribution of 6, density, measured at station TP26 in August 1994

For the application of the model, it was considered that the surface layer had developed a
satisfactory thickness of 20 m, while the pycnocline was steep corresponding to a pycnometric
difference of about 5 %, as it arises from density profiles in Figures 3.2 and 3.3.

As far as the wind forcing is concerned, the two following cases have been examined. a) The case
of a NW wind of intensity 7 m/sec and b) the case of a SE wind of intensity 7 m/sec also, which
are the commonest winds in the region, as it is obvious from the histogram in Figure 3.4.



Wind Velocity & Direction Statistics

50

V77774 Mikra Station (1959-1994)
Trikala Station (1980-1994)
BB Current Measurements (1994)

(%]

Wind Direction

Figure 3.4 Wind statistics as histograms

For the numerical solution of the model, the computational field, which includes the region of
Thermaikos Gulf, with southern limit the cross section "Platamonas — Posidi", was discretized.
The discretization of the model area was performed by a cartesian grid of 41 x 42 meshes. The
horizontal grid size was Ax = Ay = 1852 m. Concerning the vertical direction, the computational
field was extended to the depth contour of 100 m, so we selected a time step of 25 sec in order to
satisfy the Courant criterion:

AX
gh

At <

max

The solution results are shown in the diagrams of the following figures that follow (Figures 3.5 —
3.12) representing the depth contours which indicate the thickness of every layer and the
velocities fields corresponding to steady flow conditions (x and y axes are in nautical miles NM,
where 1 NM ~ 1852 m).
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Figure 3.5 Velocity field of the upper layer under the influence of NW wind (velocities in m/s)
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Figure 3.6 Velocity field of the lower layer under the influence of NW wind (velocities in m/s)
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Figure 3.7 Depth contours (thickness in meters) of the upper layer under the influence of NW wind
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Figure 3.8 Depth contours (thickness in meters) of the lower layer under the influence of NW wind
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Figure 3.9 Velocity field of the upper layer under the influence of SE wind (velocities in m/s)
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Figure 3.10 Velocity field of the lower layer under the influence of SE wind (velocities in m/s)
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Figure 3.11 Depth contours (thickness in meters) of the upper layer under the influence of SE wind
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Figure 3.12 Depth contours (thickness in meters) of the lower layer under the influence of SE wind



4. Discussion

Model application in the real topography of the Thermaikos Gulf raised several interesting points:

1) Upwelling process takes place in several sub-regions of Thermaikos Gulf coastal domain
depending on the prevailing wind conditions, as well as on the density gradients. In the case of
the most frequent NW wind, a characteristic inflow of seawater masses is observed in the lower
layer, eastern of the south open sea boundary, part of which enters the Gulf of Thessaloniki.
Theses masses form an anticyclone and come up to the sea-surface, refreshing surface waters,
with cold, deep waters, enriched with nutrients. In that way, the results of mathematical
simulation concerning the hydrodynamic circulation in the Gulf are in line with the general
pattern of circulation according to Lykousis et al. (1981). Furthermore, the highest amounts of
surface nutrients in the northern and western parts of the Thermaikos Gulf, during the period June
— July 2000, reported by Pavlidou (2001), in combination with the prevailing NW winds
measured by the Institute of Forest Research (Sani’s station), during June — July 2000, may be
considered as a first positive indication for the reliability of the model’s results.

2) The sub-region, where upwelling occurs (at the northern and western parts of the gulf), is
expected, given that the prevailing NW wind, blowing offshore the northern and western coastal
zones is characterized by an important component normal to the coastline of these zones.
According to the theory, the most favorable wind concerning upwelling events in the case of
shallow waters is an offshore wind normal to the coastline. More analytically, the three following
zones on the continental shelf, with different upwelling dynamics, are distinguished:

e Upwelling in the shallow, nearshore, coastal region occurs when the wind blows
offshore (normal to the coastline).

e Upwelling in the middle continental shelf develops under the influence of winds
parallel to the coastline, with the coastline on the left at the north hemisphere or on the
right at the south hemisphere.

e Furthermore, upwelling events may be observed on the external zone of the
continental shelf, due either to fluctuations of the ocean current or tidal pumping.

3) Respectively, in the case of an onshore wind blowing normal to the coastline, the inverse
phenomenon of upwelling is expected, i.e. downwelling, which is described by the sinking of
waters and their intrusion from the upper layer to the lower. The above expectation is confirmed
by the diagrams that resulted from the application of the model for SE wind (Figures 3.9-3.12).

4) Summarizing, the importance of the model can be focused on the fact that it constitutes a
useful tool to pass from a general rule to more accurate results. More specifically, the generalized
rule of relating the dominant winds in a coastal region with the occurrence of upwelling events is
considered a well-known valid theory; these upwelling events imply increased biological
productivity. Furthermore, the mathematical simulation, described above, contributes to an exact
tracing process of specific upwelling areas, taking into account the influence of the coastline
complexity and the bathymetry to the development of the upwelling process.
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