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ABSTRACT

In this study, a numerical model has been developed to
predict currents and water levels prevailing in the Marmara
Sea.

The model is a depth averaged two-layer transient model
to adequately simulate stratified flow conditions in the sea.
The nonlinear ©partial differential equations of the model
have been solved by using an explicit finite difference
scheme and employing a 1local integral method to reduce
truncation and round-off errors and to improve accuracy.

Special emphasis has been laid on the prediction of

currents and water levels under strong winds.



OZET

Bu ¢alismada, Marmara denizi akintilarinin ve su
seviyelerinin hesaplanabilmesi ig¢in niimerik bir model
gelistirilmigtir.

Marmara denizinin iki katmanli akinti sistemini ortaya
¢ikarabilmek i¢in, iki katmanli, =zamana bagimli ve diigey
eksende entegre edilmis bir model kullanilmigtair. Modelin
dogrusal olmayan kismi diferansiyel denklemleri belirtik
( explicit ) bir sonlu farklar yontemiyle ¢oziilmiigs, hatalaran
kontrolii ve dogrulufun artmasinin saglanmasi i¢in, bir yerel
integral yontemi uygulanmistar.

Ozellikle, kuvvetli riizgarlar altinda akinti ve su

seviyelerinin hesaplanmasina Onem verilmisgtir.

vi
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I. INTRODUCTION

With the advent of high speed and high storage
computers, numerical models of hydrodynamical systems have
greatly replaced hydraulic models. Numerical models offer
almost unlimited flexibility in the simulation of various
conditions, whereas hydraulic models require extensive
modifications for even a slight change in the modeled system.
Moreover, numerical models are less expensive.

Fields of application of numerical models cover a wide
range. In coastal engineering, simulation of flow patterns by
a numerical model provides valuable data to be wused in
planning a coastal construction. Modeling of storm surges to
predict maximﬁm vater-levels aids the efficient planning of
flood defense works in areas vulnerable to frequent flooding
by storms and hurricanes. Tidal computations in open channels
and harbors are a useful tool for navigational purposes and
construction projects.,

Quite a number of marine environments today are heavily
polluted by man. They require urgent intervention to regain
back their aesthetical value and to become harmless and
useful to any form of life. Numerical water quality modeling

is a very efficient tool in aiding environmental planning of



such endangered marine systems. Water quality models are
widely used to predict the behavior of pollutants released
into a marine environment, their dispersion and fate,

The Marmara Sea in northwestern Turkey is one of the
endangered marine systems. It 1lies in a region where a
quarter of Turkey's population lives and almost half of the
country's industry is 1located. The sea is continuously
polluted by wurban centers and industry. Owing to its
geographical setting, the Marmara Sea has only limited access
to open seas and this greatly reduces its regeneration
capability by allowing the contaminants to disperse only in a
confined area.

The Marmara Sea is important in the sense that it is a
major international sea-way. Moreover, in the rapidly deve-
loping Marmara Region, it can serve much to transportation,
especially in the eastern portion. The sea is also a
productive fishing ground and recreational area.

In contrast to its importance, the Marmara Sea is litle
investigated. There is a lack of knowledge about its two-
layer flow pattern. The general circulation in the sea is
virtually unknown., There are no values for the transport of
water in both upper and lower layers.

The foregoing study is thought-to simulate the general
circulation pattern in the Marmara Sea. The model developed
is a quasi three~dimensional model. It is composed of two 2-D
models to simulate variations in three dimensions. The model
is designed to predict velocities and water levels for both

layers under various conditions, like the response of the sea



to strong winds.

In its present form, the model will serve two purposes.
First, the circulation pattern of the sea will be
investigated and data for a water quality model will be
obtained. Secondly, the applicability of the model to a large
hydrodynamical system will be tested. Up to now, to the best
knowledge of the author, no numerical model has been

developed employing the full form of the equations describing

fluid flow and covering such a large region.,



II. LITERATURE SURVEY

2.1, Depth-Averaged Models

Mathematical modeling of fluid motion is accomplished by
solving the Navier-Stokes equations which describe fluid
motion in a hydrodynamical system. These equations are
nonlinear partial differential equations and unless
considerable simplifications are made by neglecting a number
of terms and a very simple geometry of the system is assumed
these equations do not have analytical solutions,

The advent of high speed, high storage digital computers
has enabled the numerical solution of the Navier-Stokes
equations, employing numerical techniques 1like finite
difference and finite element methods., But even then, the
handling of the 3-D equations is very complex and time
consuming. This has necessiated some modifications in the
equations, which has led to a class of numerical models,
called depth-averaged models.

The modeling of a hydrodynamical system by depth
averaged equations is based on two assumptions. The first one
involves a comparison between the vertical acceleration in a
system and the gravitational acceleration. In hydrodynamical

systems, vertical accelerations are very small compared with



the gravitational acceleration. This results in the
elimination of one equation from the system, the equation
of motion in the vertical direction. But still, the system
is 3-D.

The second assumption is that the system is well-mixed
in the vertical direction. It is assumed that the flow
properties do not change in the vertical direction. This
allows an integration over the flow depth. The
integration, wusually called depth-averaging, results in a
single velocity vector on the horizontal plane which is
representative of all velocities along the flow depth. With
this integration, the vertical coordinate is eliminated and
the system is reduced to two dimensions. The resulting depth

averaged equations are the following.

The equation of continuity.

LI N [T (2.1)

The equation of motion ( longitudinal direction )

%%+U%+v%%_fv+g%+w+laso (2.2)
A cC P

The equation of motion ( lateral direction )

%%+U%¥+Vg:—’+fU+gg—;l+w+Bzo (2.3)

¥ 3 c P



The continuity equation above arises from the
consideration that inflow into a volume element in the system
_is equal to the outflow, given that the fluid is
incompressible ( sea water is slightly compressible but in a
hegligible amount )., In the equations, x any y denote
Cartesian coordinates, with x representing the longitudinal
and y the lateral directions ( this convention will be held
throughout the text ).

h in the equations represents water level elevation
above a fixed reference plane, called a datum, H stands for
the flow depth, U and V for depth-averaged components of the
velocity vector and t for time.

The momentum equations, although they seem quite
complex in fact arise from the simple, but very important
equation of classical dynamics:

Acceleration=force/mass

The first three terms, labeled A, sum up to the
acceleration term DU/Dt and DV/Dt, called the total
derivative with dU/dt and dV/3dt being the local derivatives
and the other two being the convective accelerations. The
terms labeled P, W and B are the components of forces acting
on the system. P designates the components normal to the
surface of the fluid volume ( pressure force ) and W and B
stand for the tangential components ( shear force ). W is the
wind stress acting on the sea surface and B the bottom stress
acting along the sea bed. The term labeled C is the Coriolis
term, arising from the Coriolis force which originates from

the rotation of the earth, It is in fact an imaginary force,



used to‘ transfer from axes fixed in space to axes fixed in
the rotating earth, f is the Coriolis parameter.

Depth-averaged models have been extensively applied to
predict motion and waterlevels in hydrodynamical systems. Liu
Leendertse(l), in their detailed survey on numerical
modeling of estuaries and coastal seas, give a good
description of depth-averaged models.

Hinwood and Wallis(2,3)compiled an extensive review of
mathematical models by examining over hundred models for
their predictive capability and limitations.

Fisher(A),discusses the limitations of modeling of
coastal flows by pointing out to the lack of knowledge on the

controlling processes.

A good treatise on depth-averaged modeling may be found

in Ponce and Yabusaki(S), where the authors claim that the
greatest source of uncertaity ié depth-averaged models is the
inadequate representation of the shear stress terms. They
also discuss the importance of the convective acceleration
terms in adequately predicting circulation.

Chintu Lai(6) gives the most up-to-date review of
hydrodynamical models. His work is confined to open channel
flows but extensive information is present for depth-averaged
modeling.

Depth-averaged models have been applied to a variety of

hydrodynamical systems, The prediction of storm surges is an
(7)

example. Reid and Bodine modeled storm surges in Galveston

bay with a simple 2-D model, neglecting the Coriolis force

and convective accelerations. They used data, to calibrate



and verify t?eir model, from two hurricanes.
8)

Prandle modeled storm surges in the North Sea and

River Thames where he used a 1-D model for the river and a
separate 2-D one for the sea. The model provided data for
maximum water-levels for the design of flood defense works.
Another model of the North Sea is that of Pingree and
Griffiths(g) . Their model was used to predict currents
driven by a uniform wind stress over the sea.

Tidal circulation in coastal areas has been a
challenging field of study for numerical modeling. A
classical paper on tidal computations is that of
Dronkers(IO).where a comprehensive study is presented for
tidally induced currents in rivers and coastal areas.
Flather and Heaps(ll) modeled tides in Morecambe bay using a
routine to incorporate the emergence and submergence of
certéin shallow areas of the bay. Gunn and

(12,13)
Yenigiin developed a model for tidal currents in two
estuaries, the Milford Haven and Tay estuaries. A numerical
model for tidal circulation in harbors was developed by

(14)
Falconer .

Depth-averaged models have also been used for water

(15)

quality simulations. Williams and Hinwood developed a
2-D pollutant transport model for the Port Philip bay in
Australia which receives wastes from the city of Melbourne.
In Liu and Leendertse(y). a model is presented for predicting
coliform concentrations in Jamaica bay, New York, after a
storm surge. Pollutant transport in a natural harbor was

(16)
modeled by Falconer » utilizing depth-averaged equations.



2.2. Depth-Averaged Models of Stratified Flows

Stratified flows are characterized by fluid layers of
different densities which are stacked in the verticai
‘direction The density differences between the 1layers are
caused by differences in temperature, salinity or suspended
matter concentration. The layers are separated from each
other by intermediate regions where sharp density,
temperature or salinity gradients occur, This intermediate
layer effectively prevents mixing between the layers,

Several attempts have been made to model stratified
flows. In general, two approaches have been employed. The
first approach and the least used one is to utilize a 3-D
model which employs a 3-D spatial network with a fixed number
of grid boxes in both horizontal and vertical directions. The
3-D model requires extensive computer time and also has the
disadvantage of having reduced vertical resolution in shallow
regions where the number of grid boxes in the vertical
direction is decreased.

The most widély used approach is to employ a layered
model. The model assumes that layers in a stratified fluid
are homogeneous in themselves and that each layer may be
characterized by its own set of depth averaged-equations. The
layers are separated from each other by interfaces of
negligible thickness through which no transfer of mass or
heat is allowed. Thus a layered model is an extension of the
single layered depth-averaged model.

The resulting set of equations, with each set having its
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own continuity equation and, depending on the nature of the
system, one or two momentum equations, are coupled to each
other. In the numerical solution procedure, all the equations
have to be solved together. For a two-layered, 2-D systenm,
the number of unknowns is six and there are six equations to
be solved.

This type of model has been applied to many systems
where stratified circulation exists, including thermally
stratified lakes, estuaries where saline sea water is
overlain by freshwater from rivers and, sea-straits where
counterflows exist.,

A numerical model of stratified flows is that of Grubert
and Abbott(17). The model assumed a 1-D two-layered system.
Convective terms were included, as well as an -expression for
the bottom slope. The authors added terms to the equations
which account for mass flux between the layers. But for this
study they were assumed to be zero. The equations were solved
by using an implicit finite difference scheme,

(18,19)

Lee and Liggett modeled a lake which showved
thermal stratification., They used a hypothetical lake with
arbitrary bottom and shoreline configuration. Their model
was a steady-state one and convective terms were
neglected. The 2-D equations included only the Coriolis
acceleration, the pressure force and vertical friction terms.
Due to the numeruous approximations, quantitative accuracy
appeared to be doubtful. Neverthless some qualitative

conclusions could be drawn. The interface slope was found to

be greater than the free surface slope by a factor ofAde
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(AS =density difference between the layers, § =mean density).
Magnitude for surface currents was less in the center of the
lake than near shores. Downwind transport was observed to be
greater near the shores.

A numerical model of flows in stratified estuaries 1is
that of Hodgins et a1(20). It is an unsteady-state two-layer
depth-averaged model of the Fraser river estuary in Canada.
The model is 1-D and includes convective accelerations.
Friction terms were expressed as quadratic formulations. For
the interfacial stress, the authors used an amplification
factor by multiplying the quadratic expression with the
densimetric Froude number. The resulting four equations were
solved by wusing explicit central differences. Unlike
in(17),the model neglected transfer of mass between the
layers. Moreover, lateral variations were not included,
although the model was used for the main arm of the estuary
which had an average width of 2000 meters.

Like estuaries, narrow bays may exhibit stratified flow
patterns. Hyden(ZI) developed a model ( two-layered, depth
averaged ) of a narrow bay in Sweden and compared results
with laboratory experiments and a hydraulic model of the bay.
In the model, the author approximated the bay as a channel,
The equations were one-dimensional, included convective terms
and an expression to account for the bottom slope. Wind,
interfacial anq bottom stresses were formulated as quadratic
equations. The solution procedure was the method of
characteristics.

/

Two-layer, depth-averaged models have been applied to
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sea-straits where counterflows exist. There are one-layered
models of sea-straits like that of Laevastu(ZZ) of the
Gibraltar Strait, However a one-layer model does not
accurately simulate flow conditions in a sea-strait where
counterflows exist. A two-layer model is more appropriate.

. Siimer and Bakioglu(za)developed a two-layer model of the
Bosphorus Strait. They neglected lateral variations and
formulated the depth-averaged equations in one dimension.
Wind stress and convective terms were neglected. The model
was a steady-state one and assumed no mixing between the
léyers. It is however doubtful that mixing is small enough to
be neglected in the Bosphorus Strait.

Another application of two-layered, depth-averaged
models to sea-straits is the model of the Taiwan Strait by
Yin and Chen(za). The model was designed to predict currents
induced by tides in the strait, As the strait was wide
( around 100 km ), lateral variations were included, but
convective terms neglected. The effect of wind was neglected
and tide was considered to be the main driving force. A
finite difference scheme was used for the solution of the
equations,

In all these models, some simplifications are made. A

(18,23,24)
common one is the neglectance of convective terms .
These terms are nonlinear and they have been shown to create
instabilities in certain schemes, Benque et 31(25)'
however, have shown that convective terms(g;e important in

modeling circulation and Ponce and Yabusaki point out that

convective accelerations have to be included whenever
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secondary currents need to be considered.

Another <consideration is the dimension. The models of
the estuaries concerned and the model of the Bosphorus Strait
were 1-D, Lateral variations were neglected. For very long
. and very narrow flows, this reduction to 1-D may be
justified. However, 1if the region modeled is wide so that
secondary currents and circulations are 1likely to develop,
2-D models are more appropriate.

Shear stresses are the greatest pitfall of depth
averaged formulationé. When turbulence is accounted for in
the equations of fluid motion ( which is always done except

for the case of laminar flow which is quite rare in

hydrodynamical systems ), terms like u'v', u'u' etc. arise

where the primed variable denotes the fluctuating component
of the velocity vector due to turbulence. These terms are
called Reynolds stresses or shear stresses and represent
tangential or frictional forces. When they are not
parametrized, that is expressed in terms of quantities which
can be observed or calculated from the equations, they lead
to a closure of the equations; the set includes more
variables than equations.: Up to now no completely
satisfactory representation of these stresses has been
achieved, especially for the interfacial stress term in the
two-layer models. Generally, quadratic férmulations are used
and these empioy friction coefficients the adequacy of which
is not known for modeled systems.

For two-layered flows, mixing across the interface

creates problems. Mixing is usually neglected and it is done
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not to vrender the problem more difficult. In some cases,
especially for high shear flows, mixing is significant,
However, to account for it is very difficult and it remains a

challenging topic to include mixing into the equations.
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III. STRATIFIED FLOWS

3.1. Properties of Stratified Flows

Stratification in hydrology is a term pertaining to the
formation of distinct layers in a water body. In a stratified
fluid, the densest water forms the lowest layer with lighter
water occupying the overlying layers. Thus stratification is
formed and maintained by density differences between the
layers which are due to temperature and salinity gradients
and variations in suspended matter concentrations in the

vertical direction (Figure 3.1.).

sea level sfensity
5

lighter fluid
layer

‘\inlirmediate layer

heavier fluid
layer

v bottom
depth

Fig 3.1. Density profilte in a stratified fluid
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The figure presents the simplest case of a stratified
flow, the two-layer flow. Multilayer systems exist and
systems where the ver£ica1 density gradient is continuous are
not uncommon,

The 4intermediate 1layer plays a significant role in
stratified flows. It is a region where the density has a
sharp vertical gradient. If density differences are brought
about by temperature differences, this region is called a
thermocline. Salinity differences form a halocline. If the
density differences are brought about by the combined effect
of temperature and salinity differences, the intermediate
layer is called a pycnocline.

The intermediate region acts as a barrier between the
layers. It opposes vertical motion and greatly supresses
exchange of heat, salt or water between the layers.

Stratified flows occur everywhere in nature. Oceans are
stratified by temperature. The top few hundred meters, well
mixed by the wind are succeeded by a thermocline with a
relatively sharp transition. The thermocline is mostly deeper
than the upper layer, wusually in excess of one kilometer,
Below the thermocline is the bottom layer, formed by colder
and denser water.

Lakes, particularly deep ones, are also mostly thermally
stratified, However, the stratification is only seasonally
stable, not permanent as in the oceans. Stratification in
summer and in winter is broken down by fall and spring
overturns when a homogeneous density distribution in the

vertical is established.
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In estuaries and fjords, salinity differences give rise
to stratified flows. In an estuary, where fresh and saline
waters meet, the fresh river water overlies saline sea water
which 1is denser. The saline bottom layer may travel up the
rivgr for considerable distances, forming a salt wedge.

Sea~straits which connect sea basins of different
characteristics, wusually exhibit a two-layer flow pattern.
Heavier waters of one basin flow beneath the lighter waters
of the other basin, mostly as counterflows.

Sediment~laden river waters, upon entering a 1lake or
reservoir, often give rise to underflows by plunging under
the relatively clean and 1ight lake waters, Such flows are
only locally observable,the sediment settling quickly and the

flow being diluted over a short distance.

3.2. Analytical Treatment of Stratified Flows

Mathematical description of stratified flows has been a
subject for research for many years. Both theoretical studies
and laboratory experiments have revealed many interesting
features of such flows. Most research has been directed
towards the understanding of two-layer systems, the Zimplest
case. A thorough treatise may be found in St:reet:er(2 ).Three
chapters devoted to the study of salt-wedge behavior 1in

(27)
estuaries are present in Ippen .
In this section, some characteristics of stratified

flows will be discussed and some mathematical relationships

will be presented.
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3.2.1, Stability of Stratified Flows

An important parameter in the study of layered flows is
the densimetric Froude number. This dimensionless number is

the ratio of inertial forces to the gravitational force and
(28)
may be defined as ( Abraham et al ):

2
(uz-ul)

F s Eg/gmogcThl*hz)

(3.1)

where
ul.u2=velocities of upper and lower layers
AS =density difference (-?z-f‘i)
§2 =lower layer density
91 =upper layer density
Sm =mean density
=gravitational acceleration
hl =depth of upper layer
h2 =depth of lower layer
A densimetric Froude number less than unity indicates

subcritical flow and stable stratification.

3.2.2. Internal Waves

Internal waves form at a density discontinuity or
interface between 1layers and differ from surface waves by
their much 1larger amplitude. Internal waves do not much
affect surface waves, but small disturbances at the sea
surface may form large internal waves at the density

interfaces.
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These waves contribute to mixing between layers. Abraham
(28)
et al have found out that if internal waves are stable,

turbulent mixing is reduced. If internal waves are unstable

and break, mixing across the interface occurs.

3.2.3. Entrainment and Diffusion

Entrainment is a process where a more turbulent layer
erodes the less turbulent layer. Entrainment increases the
thickness of the turbulent layer and creates mixing between
the 1layers. The mixing by entrainment is a one-way process
where there is a flux of mass from the less turbulent layer
to the more turbulent layer ( Carstens(zg) ).

Diffusion is a type of interfacial mixing. Molecular
diffusion is usually neglected as its magnitude is far less
than that of turbulent diffusion. Turbulent diffusion is a
two-way process where equal volumes are exchanging places.

Interfacial mixing is the combination of these two
processes, It is very difficult to determine the degree of
mixing 1in stratified flows as many factors influence it.

Laboratory experiments have revealed some features of

interfacial mixing, but still many aspects remain unknown.

3.2.4, Interfacial Friction

Usually,in a stratified fluid, the layers tend to have
different velocities. The difference in the velocity field
gives rise to a shear stress between the layers. Several

studies have been carried out to analyze this interfacial



friction. Most research was directed towards the
determination of an interfacial friction coefficient. Several
researchers correlated the friction coefficient with the
Reynolds number and the densimetric Froude number ( Macagno
(30) (31)
and Rouse , Dermissis and Partheniades ). The 1latter
found out that the coefficient depends on these numbers and
also on the relative density difference between the layers.
Abraham et 31(28) conclude that the interfacial shear
is influenced by turbulence both at the interface and bottom.
They expressed the interfacial shear by a quadratic equation,

which is the most widely used one. Their friction

coefficients, however, are highly empirical.

20
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Iv. THE MARMARA SEA

4,1, Geographical Setting

The Marmara Sea is located in northwestern Turkey, in
the Marmara region. Its coastline is shared by Thracia and
Anatolia. It is an inland sea but has access. and is in
continuous water exchange with the Mediterranean Sea and the
Black Sea via the narrow Dardanelles and Bosphorus Straits

[}

(Figure 4.1, Table 4.1).

Table 4.1. Some physical data on the Marmara Sea

Surface Area 11352 square kilometers
Maximum depth 1335 meters

Mean Depth 300 meters

Length 280 kilometers

Width 76 kilometers

The Marmara Sea shows an elongated shape,the 1length
width ratio being 4 to 1. The sea, although very small in
regard to surface area, shows the relief characteristics of a
miniature ocean. Almost half of the sea is occupied by a

shelf area which with a steep slope descends to deep
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depressions .,

The coastline configuration shows marked differences
between the Thracian and Anatolian coasts. The southefn
coastline is characterized by irregular topography. The shelf
extends as far as 30 kilometers away from the coast, the edge
having a depth of around 100 meters. There are several
islands along the southern coastline, the principal ones
being the Marmara, Avsa, Pasalimani and Imrali islands. Two
bays ( Erdek and Bandirma ) exist on each side of the Kapidag
peninsula which formerly was an independent island but now is
connected to the mainland by a tombolo.

The eastern coastline, again belonging to Anatolia,
consists of two large bays. The Gemlik bay extends 40 kilo-
meters into the land and is around 15 kilometers wide at the
mouth., The Samandag peninsula separates the Gemlik bay from
the Izmit bay to the north which is narrower but longer,
penetrating about 60 kilometers into the land.

The northern and northwestern coastline, belonging to
Thracia, is strikingly regular, lacking both bays, peninsulas
and off-shore islands. The shelf along the coast is, but,
very narrow, rarely extending behind 10 kilometers. In some
places, within a few kilometers, depths as great as 500
meters are encountered,

The shelf covers around half of the sea's area. The
remaining portion 1is occupied by the slopes on the shelf
edges and three deep depressions., The depressions lie in a
more or less straight line. Separated by sills, they attain

depths in excess of 1000 meters, the deepest being 1335
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meters.,

The Marmara Sea basin is thought to be an extension of
the North Anatolian fault line. The depression forming the
basin stretches from the Sapanca lake to the east to the
Saros bay in the Aegean Sea.

The sea is relatively young, having attained its present
shape in the Quarternary period. It is thought to be a
remnant of the great Sarmatian Sea of the Miocene epoch (
inandlk(BZ) ). The Bosphorus and Dardanelles Straits are
believed to be drowned river valleys. In 1its geological
history, the Marmara Sea has been repeatedly flooded by the
Mediterranean Sea, the most recent flooding occuring after
the last glacial period.

The bottom of the sea is little investigated. Only in a
few places have sediment analyses been made. A sediment cover
of 1700 meters thickness is present which sits above
carbonate rocks, tuff and clay. The layered sediment cover
with alternating fresh and salt water fossil species reveals
the evidence of the repeated floodings of the sea by the
Mediterranean Sea and the interaction with the. relatively
fresh Black Sea during the interflooding periods. The recent
sediments laid down after the last flooding consist of mud

and are rich in foraminifera skeletons.

4,2, Physical Oceanography of the Marmara Sea

The Marmara Sea is a small inland sea having access to

two larger sea basins, the Mediterranean Sea and the Black
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Sea. It is the interaction with these two seas that gives the
Marmara Sea unique characteristics, the most important one
being the layered structure,

There exists a water exchange between the Mediterranean
Sea and the Black Sea. The Black Sea, due to the excess of
precipitation and river run-off over evaporation, has surplus
water in the amount of around.300 km3/year(23) . The excess
water is lost, as a result of sea level differences, through
the straits and the Marmara Sea to the MediterraneanASea as a
surface current. But the 1loss is higher than the excess
amount. The deficiency is compensated for by an undercurrent
from the Mediterranean Sea by the same route.

Simer and Bakioglu(23) have found out; in their model of
the Bosphorus Strait, that the loss from the Black Sea
amounts to 620 km3/year. In their model, they calculated the
supply of Mediterranean water to the Black sea by the
undercurrent to be around 230 km3/year. Close values are
obtained by solving salt and mass balance equations for the
Black Sea.

There is some controversy on the behavior of the
underflbw. It is claimed that the undercurrent does not
always reach the Black Sea, but mixes with the surface flow.
It is argued that a sill in the northern entrance of the
Bosphorus Strait forces the undercurrent to rise and mix with
the surface waters. Moreover, strong northerly winds, driving
the wupper layer to high speeds, may(g;sn cause the lower

layer to cease to flow and even return .

There is a lack of knowledge about the behavior of this
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complex water exchange pattern. The existence of
Mediterranean waters below hundred meters in the Black Sea
has been confirmed by surveys(34). But the seasonal
variations in the discharges of both flows have not yet been
adequately examined. The currents of the Dardanelles Strait,
are, to a few surface current values, unknown. The currents
of the Marmara Sea are also very little investigated. ?gg;t

from a detailed survey, conducted for the Gemlik bay ’

adequate circulation studies are missing.

4.2.,1 Vertical Distribution of Water Characteristics

in the Marmara Sea

As mentioned above, the Marmara Sea serves as a 1link
between the Black Sea and the Mediterranean Sea. Like in the
straits, there exists a two-layer circulation pattern in the
sea. The upper few ten meters are occupied by fresh and cool
Black Sea water, succeeded by an intermediate layer of a
maximum thickness of 25 meters., The remaining bottom layer is
occupied by Mediterranean water, being relatively warmer and

saline. Figure 4.3. shows the layering in the sea.

A S - . eArocAm. Al

upper layer
(Black Sea water)

pycnocline

lower layer
(Mediterranean water)

Fig. 4.3 Layering in the Marmara Sea
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To get a more clear picture of the 1layering or
stratification, the results of a field survey conducted by
the Department of Navigation, Hydrography and Oceanography, a
state authority, at 25 stations over the Marmara Sea 1in
Febfuary, 1982, will be examined(Sﬁ). During the survey, at
all stations, temperature and salinity measurements have been
made at various depths. The stations were positioned as on
Figure 4.4, on the next page.

Data gathered at all stations is given in Appendix I. In
this chapter, results of measurements taken at station 18
will be examined.

Station 18 1is situated between Hogskdy on the Thracian
coast and the Marmara island. The depth at the station is 140
meters. Measurements of temperature and salinity have been
made at the surface and at six depths ( 10, 20, 30, 50, 75
and 100 meters below sea surface ). Table 4.2. displays the

results.

Table 4.2, Temperature and salinity at station 18

Depth (m) Temperature (C) " Salinity (ppt)
0 7.28 24,583
10 7.21 24,570
20 6.82 24.879
30 7.18 24,930
50 15.21 38.271
75 15.21 38.506

100 14,80 38.535



Fig. 44.
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Clearly visible from the table are the increases in both
temperature and salinity between 30 and 50 meters. The
temperatures for the first 30 meters are around 7 degrees C.
At 50 meters one encounters a temperature of 15.21 C and
afterwards no appreciable change down to 100 meters. Likewise
the salinities. 1In the upper 30 meters, the salinity remains
at 24 ppt. At 50 meters, a value of 38.271 ppt is recorded
which then remains much the same down to 100 meters.

These values enable one to distinguish between two
separate water masses, The upper 30 meters are occupied by a
relatively fresh and cool water body with temperatures around
7 degrees C and salinities of about 24 ppt. After 50 meters
and down to the bottom, a distinct water mass is observed
with temperatures of 15 C and salinities of 38 ppt.

The wupper 1layer is the layer occupied by Black Sea
water. The bottom layer is occupied by Mediterranean water
which is heavier, thus remaining below., These two water
masses are separated by an intermediate layer where a steep
gradient in both temperature and salinity is encountered. It
is both a thermocline and a halocline,

If one looks at densities, the same picture emerges.
Table 4.3. on the next page displays the distribution of
density along the depth,

The wupper 30 meters are occupied by 1light water of
density 1019 kg/m3. Below 50 meters, the heavy Mediterranean
waters have a density around 1028'kg/m3. Between 30 and 50

meters, in the intermediate layer, there is a region of a

sharp density gradient, a pycnocline ( Figure 4.5.)
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Fig 45 Density profile at station 18
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Table 4.3. Density versus depth at statiom 18 A£§%
(D ys:%
3 . “"@”MJ&;;/
Depth (m) Density (kg/m ) ,f?fb:
0 1019.23 Eat
10 1019.23 o
20 1019.52 g
30 1020.38 A
50 1028.46
75 1028.64
100 1028.76

It is <clear from the picture that the increase 1in
density is a result of the increase in salinity. The increase
in temperature does not affect the density as much as the
salinity does. In fact, an increase in tempereture lowers the
density. Roughly, density decreases by 1 kg/m3 for a change
of +5 degrees C, but increases by the same amount for a
change of +1 ppt in salinity. Thus the density 1lowering
effect of the temperature is greatly offset by the large
increase in salinity.

This 1layering 1is encountered all over the Marmara Sea
where depths exceed 50 meters. In areas shallower than 50
meters, the lower layer is either very  thin or
indistinguishable from the pycnocline.

In the upper layer, the temperatures and salinities
increase with depth, although not comparably with the sharp

gradients in the pycnocline. This suggests a transport of

salt and heat from the lower layer, which but is limited. The
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upward flux of heat and salt is largely hindered by the
pycnocline.

The thickness of the intermediate layer changes from
station to station, as well as the gradient. The mnminimum
depth at which the pycnocline begins is 17 meters below
surface at station 3 , and 30 meters below surface at
stations 8 and 18. Maximum thickness is attained at station 6
with 29 meters,

This variability in layer thicknesses makes it difficult
to determine even the near exact location of the pycnocline.
As the upper layer is considerably thin, external effects on
it will easily be felt by the pycnocline, such as strong
winds, Increased turbulence in the upper layer, caused by
wind stirring, will erode the intermediate layer and entrain
it.

The above conditions apply only for winter as the survey
was conducted in February over a span of 3 days. It is not
known how the profiles look like in other seasons or whether
the stratification is stable throughout the year. However,
some qualitative conclusions may be drawn.

It is the temperature that shows significant variations
seasonally. The salinity distribution is not much affected by
climatic conditions. This has been verified by the survey
conducted in the Gemlik bay(ss). It has been found out, that
although temperatures show a wide range of values yearly
( 6 Cin winter, 23-25 C in summer ), salinities do not
change significantly. Furthermore, the survey has shown that

the pycnocline is present throughout the year, changing only
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in thickness, being two or three meters thicker in winter.
Thus the stratification is stable throughout the year.
Although it has not yet been verified by surveys, the
same situation may be assumed for the Marmara Sea. As the
salinities do not change significantly throughout the year,

the stratification may be regarded as stable the whole year.

4.2,2, Horizontal Distribution of Water Characteristics

in the Marmara Sea

The horizontal distribution of surface temperatures
throughout the Marmara Sea is nearly homogeneous, both in
winter and in summer. There is only a change of 1-2 C between
the straits. For the lower layer, only winter values are
available and these show almost no change, Thus it can be
concluded that the Mediterranean water passes the Marmara Sea
without any significant loss of heat.

The horizontal salinity distribution shows some
differences. Salinity increases as one moves from the
Bosphorus Strait to the southwest. This shows that there is a
flux of salt from the lower layer to the wupper layer.
Pickard(37)states that the water leaving the Black Sea with
a salinity of 16 ppt reaches the Mediterranean Sea with a
salinity of 30 ppt. The underflow, leaving the Mediterranean
Sea with a salinity of 38 ppt, has it reduced to 35 to 30 ppt
by the time it reaches the Black Sea. Pickard concludes that

much of the mixing takes place along the straits due to high

current shear and turbulence as a result of the narrowness of
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these passages.

A plot of the change in surface salinities with
increasing distance from the Bosphorus Strait will indicate
the extent of mixing occuring in the Marmara Sea ( Figure
4.6. on the next page ).

The figure clearly shows the increase in salinity with
increasing distance from the Bosphorus Strait. Considering
two stations which are furthest apart from each other
(stations 1 and 25), the increase in salinity is 5 ppt in 182
kilometers or 0.027 ppt/km. If it is assumed that the
increase in salinity of Black Sea water is 4 ppt along the 35
kilometers while flowing through the Bosphorus Strait, a rate
of 0.11 ppt/km is obtained. The rate of increase of salinity
along the Dardanelles Strait comes out to be 0,08 ppt/km .
These are rough values but it may be concluded that the
straits contribute- to much of the mixing of the layers
(around 87%Z ) and there is considerably less mixing in the
Marmara Sea.

In contrast to the horizontal sa}inity gradient in the
upper layer, the salinity of the lower layer does not change
along the route in the Marmara Sea. The salinities are all

around 38 ppt.,

4,2,3. Stability of the Layering

As mentioned in the previous chapter, the stability of
the layering in a hydrodynamical system may be analyzed by

the dimensionless densimetric Froude number ( eq. 3.1).
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Assigning the following values to the variables in the

expression

u =0.1 m/sec
1
u =0,05 m/sec
2 3
g =1019.28 kg/m
1

3
§ =1028.65 kg/m
2
h =25 meters
1

h =300 meters
2

the densimetric Froude number comes out to be 8x10-5. This
number is far less than one, so the flow is subcritical. Here
h, is taken to be the mean thickness of the lower layer.
There are coastal regions where the lower layer attains

thicknesses 1less than 20 meters. Even in such cases the

Froude number is less than unity.
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V. THE MODEL

5.1. Basic Assumptions

Considering the stratified flow pattern prevailing in
the Marmara Sea, a two-layer, two-dimensional, depth-averaged
transient model has been constructed. In formulating the
governing equations, the following assumptions have been
made.,

i) Vertical accelerations are small enough compared to
the gravitational acceleration and are neglected.

ii) For each layer, flow properties do not change over

the flow depth.

These are the underlying assumptions for depth-averaged
models. As discussed in chapter 2, the first assumption
enables one to drop the equation of motion in the vertical
direction. . The second assumption allows the integration of
the equations over the flow depth, obtaining depth-averaged
variables and equations. Thus the support of the system is
reduced to two dimensions by eliminating the vertical coor-
dinate and velocity component,.

iii) The intermediate layer is assumed to have no
thickness. The layers are separated by an interface.

Each two layer system has an intermediate region between
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the layers as outlined in chapter 3. In some sxstems, this
layer has a thickness comparable with those of the others. In
numerical modeling of stratified flows, however, this
intermediate layer is defined to be an interface of =zero
thickness(l). Otherwise, it would be necessary to employ a
three~-layer model with appropriate equations to describe
motion in the intermediate region. These equations would
necessarily be 3-D because of the sharp density gradient in
the layer. Very little is known about the dynamic behavior of
these regions and up to now only one numerical model has been
developed to simulate flow conditions in the intermediate
layers. Davies(38)deve10ped a 3-D model of a stratified sea
by employing the variation of the eddy viscosity in the
vertical direction. His model, however, requires accurate
knowledge about the eddy viscosity profile which 1is very
limited. Davies, in his calculations, used arbitrary eddy
viscosity profiles the applicability of which is quite
doubtful,

iv) It is assumed that there is no transport of heat,
salt or water between the layers across the interface. Only
momentum exchange is allowed.

This 1last assumption 1leads to the neglectance of
interfacial mixing., The fluxes of salt and heat across the
interface are never known exactly as it is very difficult to
measure them, even in laboratory experiments. In numerical
models, the use of the mixing concept necessiates the
introduction of new variables and equations, besides

(D

diffusion coefficients . For the Marmara Sea, the
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interfacial mixing is assumed to be negligible. There are
indications that there is some mixing, but its magnitude 1is
unknown. Rough estimates, as discussed‘in chapter 4, however,
indicate that mixing 1is kept at 1low 1levels by the
intermediate layer acting as a barrier and the neglectance is

justified,

5.2. Governing Equations

Figure 5.1 displays the variables used in the equations

of the model.,

sea level
u': V1 T;"
interface
U, ., Vv, h,
bottom
Tho datum
Fig 5.1. Variables wused in the equations

The subscripts for the velocities u and v denote layers

(1 for the upper layer, 2 for the lower layer ). h 1is the
1
sea level elevation, h the interfacial elevation and h the
2 0
bottom elevation. The datum has been chosen to be 1400 meters

below mean sea level. All elevations are computed relative to
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this fixed reference plane. The coordinate system employed is
Cartesian coordinates with x being the longitudinal and y the
latitudinal direction. t in the equations denotes time.

The equations are as follows.

Upper layer

The equation of continuity

h
Q-2 Wiy - np) + uy(@EL - S02)

a +ax - ax
g__l.(hl-hz)+ i(a—l—};-l--g-;:—z 2 0 (5.1)

The equation of motion ( longitudinal direction )

duj a 1 duy _ dhy
% + u T + Vla vy + Sax
Twx b Tixl + 0 (5.2)

" %1{ny - n2) " 51(my - n2)
The equation of motion ( lateral direction )

avi gvl avi dhi
?F ulax +vlay +fu1+gay

Twy Tivi

- 0 (5.3)
31(hy - hp) T Fi(hy - hp)

Lower layer

The equation of continuity

Oh2 QY2(p, _ Ohz _ dho,
at M ax( 2 o) + uz(ax ax

ave cha _
+ —a;-(hz - hg) + vz(ay
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The equation of motion ( longitudinal direction )

u au du ¢, ah ($1 . 52) anp
%.§.+u26x2+vza fv-l—g-)u]-'-g}'-l-g Y2 - ax

Tox Tix2 0 (5.5)
T Za(hz - ho) T Tplhz - ho) ¥

The equation of motion ( lateral direction )

av av ahy (51 - S2) dhp
'a_ta uz-a—2 + vz——a + fuz+ S-col - ‘55

Toy Tiye 0 (5.6)
* J2(ha = hg) 3}(h2 - hg) ‘ >

The equations are based on the Eularian equations of
(39)
motion and continuity (Pond and Pickard ). Liu and
(1)

Leendertse presented the same -equations, with no
convgctive terms however, and a combined friction factor.
Lai( ‘ presents 1-D equations with convective terms;
fl andfz are the densities of the upper and lower layers
respectively. They have been obtained from the tables in
Appendix I. as §1=1019.28 kg/m3and j%=1028.65 kg/m3 . The
gravitational acceleration g has the value of 9.81 m/sz.
f in the equations represents the Coriolis coefficient,
Its value depends on latitude, being zero at the equator and
attaining its maximum value at the poles. For small
distances, the latitudinal variation 1is small to be
negligible and the coefficient is assumed to be constant. For
the Marmara Sea, thls coefficient has been computed from the

(40)
equation below ( McLellan ).
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b g k3 2.n oSine (507)

where
fl= angular velocity of the earth
© = latitude
fliis 0.729x10-4sec and for the Marmara Sea, the
latitude has been taken to be 46'4f . Using these values, the

-4
Coriolis coefficient comes out to be 10 sec .

5.3. Shear Stresses

Tw»Ti+Tp represent shear or tangential forces. In this

model, they have been formulated as quadratic expressions.

5.3.1., Wind Stress

Wind 1is a primary driving force of currents, Wind,
blowing over the sea surface transfers momentum and energy to
the water., It acts both tangentially and normal to the sea
surface but the tangential ( shear ) action is much larger
than the normal one.

The wind stress acting on the sea surface is formulated

(41)

as follows ( Safaie ).
Tz Q .C(z) . V(z)? (5.8)

where
'9a = mass density of air
C(z)= wind stress coefficient

V(z)= wind speed at height z above water surface
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It is convenient to fix the height to ten meters and in
evaluating the wind stress, the velocity of the wind is

determined at ten meters above sea-level. The wind stress

(42) (41)
coefficient is found empirically ( Wu » Safaie . In
this model, the value of the coefficient has been taken from

(41)
Safaie as
C(10) = 5.2x10"4 . V(1o)°"““ (5.9)

Inserting this value into equation 5.8. and using the
3
value 1.29 kg/m for the density of air, the wind stress

becomes

Te 6.7x107% . VU (5.10)

This vector 1is decomposed into its components as
follows.,

Toux * 6.7x 107" . v2el | sin o (5.11)

Tz 6.7x107% . V¥ | cos 0

wy

where @ is the angle between the wind vector and the y-axis.

5.3.2., Interfacial Stress

In stratified flows, layers wusually have different
velocities, This difference gives rise to interfacial shear.,
Several studies have been made in this field, a classical

(30)
treatment being that of Macagno and Rouse +Abraham et
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(28)
al found that the interfacial shear varies with the stage

of development of the intermediate layer and that it is
affected by turbulence generated at the interface and at the

bottom., They proposed a quadratic expression for the shear as

- u)2 h 2

where
ul,ufwelocities of upper and lower layers respectively
fm =mean density
hy =thickness of upper layer
hp =thickness of lower layer
Ki+K=shear stress coefficients

The first term in equation 5.12 is the contribution of
the interfacial turbulence and the second term the
contribution of turbulence generated at the bottom. For the
coefficients, the values of 4x10-4and (11 to 12)x10-4were
proposed, for K and K respectively.

Hodgins et al(ZO)in their model of the Fraser estuary,
used also a quadratic formulation. They used an amplification
factor, equal to the densimetric Froude number to render the
stress more sensitive to the velocity shear,

In this model for the Marmara Sea, the following

expression has been employed.
. - . - ol
where m=1,2 for upper and lower layers respectively and Ki is

the interfacial friction coefficient.

The value of the interfacial frjction coefficient is
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difficult to determine. All measurements rely on laboratory

experiments and their applicability to real hydrodynamical

(31)

systems 1s doubtful. Dermissis and Partheniades , 1in
laboratory experiments, have found out that the interfacial
friction coefficient is best correlated with the number RF
where R and F are the Reynolds and Froude numbers
respectively, and with the relative density difference

between the layers.

In the model of the Marmara Sea, the value suggested by
(28) -4
Abraham et al as 4x10 has been adopted. The contribution

of bottom turbulence has been neglected as the lower layer is

relatively thick over most of the Marmara Sea. It has been
-3
found out that varying this coefficient between 1x10 and
~4
1x10 had no effect on the results., Neglecting the stress did

also not create significant differences. Scaling the
equations showed that the interfacial stress term contributed
little to the -equations, It is however included in the

following manner.

b . u, = ul‘).(u2 - v2 )O'5

Tixm = fm A x 10 m n

. (5.14)
L4 2 _ ":i )05

Tiym’ “Pm A4 x 10 n

vy, - vy ) o (u

where m=1,2 for upper and lower layers respectively.

5.3.3. Bottom Stress

The bottom stress or the shear force acting on the fluid

as a result of its drag over the bottom has been formulated
(43)
according to Yenigiin as
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Tox 2 f% & Uy ug - vg )0+5 /.c?
( 5.15)
Tby 3 £, .8 v, . ug - vg )0+5 4 ¢

where C is the Chezy coefficient,

The Chezy coefficient may be obtained from the Manning
(44)

coefficient ( Chow ). The Manning coefficient is, however,

mainly wused for open channel flows. For the model the Chezy

(10)

coefficient has been adopted from Dronkers as

1/2
C=50 m /sec
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VI, THE NUMERICAL METHOD

6.1. Finite Difference Methods

Finite difference methods ( explicit and implicit ) have
been widely used for the numerical solution of the equations
describing fluid flow. Liu and Leendertse(l)have given a
detailed description of implicit and explicit methods
applied to estuaries and coastal seas. Dfonkers(IO)has
discussed several finite difference schemes for tidal
computations in rivers and coastal areas. Flather and
Heaps(ll)in their model of the Morecambe bay have developed a
finite difference method. in which they accounted for the
emergence and submergence of shallow areas in the bay
( drying nodes ). In their approach to modeling circulation
in depth-averaged flow, Ponce and Yabusaki(S)have employed a
mixed scheme, where the continuity and x-momentum equations
were solved implicitly and the y-momentum equation was
solved explicitly. An up-to-date review of the application of
finite difference methods, particularly to open-channel
flows,may be found in Lai(6)where several implicit and
explicit schemes are thoroughly discussed.

In models of stratified flows, finite difference methods

have been applied in most cases. Grubert and
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(17)

Abbott utilized an implicit finite difference scheme and a
double sweep algorithm to solve their 1-D equations. Hodgins
et al(zo)for their model of the Fraser River esZuary,
employed explicit central differences., Yin and Chen(2 )also
employed explicit finite differences to compute tidal
currents in the Taiwan Strait,

The criteria for choosing between explicit or implicit
schemes depend on the characteristics of the model and on the
capabilities of the computer used. To achieve accuracy and
stability is of primary concern in choosing a scheme.

Implicit finite difference schemes are unconditionally
stable., They, however, consume large computer storage and
time and may be uneconomical in some cases. Explicit schemes
do not require that much computer storage and time . They are
also easier to construct and to code. However, explicit
schemes are vulnerable to instabilities and are restricted in
the time increment used.

For the numerical model of the Marmara Sea, an explicit
finite difference scheme was adopted. The particular scheme

, (12,13)
was developed by Gunn and Yenigiin and was
successfully used in modeling tidal motion in two separate
estuaries. A nonstaggered computational grid was adopted
where all variables were evaluated at the centers of the grid

boxes. Slip boundary conditions were employed at 1land

boundaries.
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6.2. The Computational Grid

In finite difference methods, the aim is to compute flow
properties, e.,g. velocities and elevations, at prescribed
points over the modeled area by constructing a‘ computational
grid. The grid for the Marmara Sea is given in Figure 6.1 on
the next page.

The grid consits of squares, each with a side length of
5000 meters. Every square or node is designated by two
integers which define its location, The index i corresponds
to the x-coordinate in the equations, whereas the index j
stands for the y coordinate,The origin is located in the
lower left corner of the grid.

Two types of nodes make up the grid.

i) Dry nodes are land nodes where no computations are carried
out for the velocities and elevations.

ii) Wet nodes are those where velocities and elevations are
computed from the equations., Three such types of nodes are
recognized,

a) Open sea nodes are those which do not have a dry node
adjacent to them in the cardinal directions.

b) Land boundary nodes have a dry node adjacent to them
in one or more cardinal direction.

c) Boundary condition nodes are those at which boundary

conditions for velocities and elevations are specified.

6.3. The Differencing Scheme for Spatial Derivatives

To approximate the spatial derivatives by finite
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differences, central differencing which yields second order
accuracy was adopted. The finite difference forms of the
derivative of the property q ( which is velocity or elevation
at node (i,j) ) with respect to the spatial directions x and

y are

d
g * ( Q11,5 = 95,5 ) / 2ex

Po=Cay 5y -9y, ) /28y

where x and y are spatial increments.

(6.1)

Thus the derivative of a property at a node 1i,j is
expressed by the difference of the values of the property at
the two adjacent nodes divided by twice the spatial
increment. For the nodes at land boundaries, a different
approach is used; the slip boundary conditions which will be

described in section 6.6 .

6.4, The Representation of the Temporal Derivatives :

The Local Integral Method

In the representation of the temporal derivatives by
finite differences, a local integral method was used. The
method was developed by Gunn and Yenigiin is given in Gunn and

(12) (43)
Yenigiin and Yenigiin .

The temporal derivatives are approximated at first by a

forward difference.

n+l n
%% " A; ol (6.2)
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where n is the time level and at the time increment.,
n
Then, the 1lower time value of q (q ) is expressed as a

local integral and the derivative takes the following form

1 I+l

d n+ 1 n

. = - d At 6.
It (aq 55 /4 48 ) / (6.3)

where s 1is a spatial direction ( x or y ), As a spatial
increment ( x or y ) and 1 stands for i or j.

The purpose of this local integral is to reduce round-
off and truncation errors in the numerical integration
(Yenigun(AS)). Further discretization of the local integral

yields the following finite diffderence form for the temporal

derivative

-.g%- = q?+l — I%E ( q?‘l + Aq? + q?-l ) / st (6.4)

Here A 1is a parameter which defines the particular
formula for integration.

The 1local integral method has been employed in the

(12,13,43)

models for the Milford Haven and Tay estuaries It
has been found out that the parameter A had- a strong
relationship to the time increment ( t) employed. For every
fixed time increment t, there is a maximum value of A (A )
beyond which the solutions of the equations tend tomaze
unstable., Furthermore the choice of A affects the accuracy of
the solutions., It has been found out that the greatest
accuracy was achieved by the value of A at its stability
limit ( A ).

max
This 1local integral method with its properties of
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controlling round-off and truncation errors and improving
accuracy was used for the discretization of the temporal

derivatives in the model of the Marmara Sea.

6.5. The Finite Difference Equations

In the explicit finite difference method, the values of
a property at a time step is computed from known values of
the previous time step. In this model, a time splitting

(43) (45)

procedure is employed ( VYenigiin , Roache ). The
iterations are carried out in two half time steps. In the
first half-time step, intermediate values are computed from
known values of the properties at the previous time step n.

Integration 1is carried out only in the x- direction. The

excplicit formulations are as follows:

First half-time step n+l/2

n+l/2 At n n n -
SIEVILIE o RUNLTETSIF It W OF I WSSO I

(AL )(n],s5,5-03,1,5 (U] 501,4 - U1,1-1,5 ) -

At N n _.n oW oW
(e 297,14, 30 P1,541,5 = D131, = P2, 141,35 = P2,i-1,3 )

(6.4)



55

at n n n
ul‘i'j s ( m )( ul,i"'l,j ‘f.'ﬂAul'i'j + ul'i_l’j ) -

At n n n
(o duy,a,5 (¥, 1e1,5 = ¥1,8-1,5 ) =

At n n n
(Zax MM1,1i,5 &0 P1,5e1,5 7 Pa,ie1,y ) (6.5)

n+1/2 At n n _
vi,i,5 ¢ (a2 )0V, ae1,5 * V14,5 % Y1,001,5)
at n n R o}
a5 (Viaa,5 7 Y1,a0,5) (6.6)
n+1/2 ot n n n -
h2,i,5 0 (e 20 M2 001,5 % A0, ¢ P2 00,5 )

At n n n n
(o Y0hg 5,5 Mo,i,5 70 ¥z 501, 5 = ¥2,5-1,5 )

At n n n n S ¢!
Czax M82,1,5 (P2,501,5 7 P2,i-1,5 = Po,101, 5% Bo,1-1, §)
(6.7)
n+1l/2 At n n n
uzvi'j ' ( A_-E )( u2,i+l,j * Auzvioj * uzni-lr:j ) -
At n n n
( 5x% )“2.1.3 (up 341,35 = Y2,i-1,35 ) -

(o= &5/ 40, 5= 1) 51,5 ) -

(e VE((E5-F1)/8) (0 4 g 5 -3 53 ) (6.8)
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n+l/2 _ n n n -
V2,i,5 = (AL/A2)( vy 4y 5% AV 4 5% V2,1-1,5 )

(o208 4 5 (V3 541,35 = Va,11,5 ) ~
(At/2bx)g(£1/ £) (:h] 59,5 = 1] 500,50 "

( At/%X)g((fz' l)/fz)( hg.i*l.j = hg.i-l'j )

(6.9)

These intermediate values do not have any physical
significance. They are wused in the secod half-time step,

appearing in the right-hand sides of the expressions from

which values for the time step n+l are computed.

Second half-time step n+l

n+l n+l/2 n+l/2 nel/2
hy 3,5 = (At/A«2)( hy 575, + Ahy 575 « 1y §05.1 )
n+l/2 n+l/2 n+l/2 n+l/2 -
CAt/200)( 1y 305 - M2 1,y Y0 vy il5e - v1,1,5-1 )
nel/2 n+l/2 n+l/2 n+l/2 nel/2
Cav/2b)vy 105 (U hsl5en = PLE o1 7 P2, -1 * P2, 85 )
(6.10)

nel n+«l/2 n+l/2 . n+l/2 _
ul.i.j 3 (At/A+2)( Uy ge1 Aul.i.j Uy )

- n+1/2 n+1/2 n+l/2 n+l/2 A4
CAv/280viT05 Cuplit e - 005050 ) + Tvyily 4% 7

RCPCVING B

( cont..)
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TP e ORISR e

SRR LTI WA R S IR A RRE
Coorabywintl3 TG - 50 - ] ae -

RGP NS R U RIE

SN PCV NG B E (6,12
npod,y v Cava)ngtiS, e i il -

Cae/2ay) Cng2 - g2y (VR VR ) -

( At/ZAy)vgﬁ{ § ( h;‘ji{ﬁ.l g hg:%{g-l - hﬁfifﬁd * hgﬁﬁz-l )

(6.13)°

Pl s (Atae2) (B2 ENGEE ugg{g_l -

Cor/aanvgity Cuptil e uB 2 ) - o Dil2 e o

R IVINE R~ T

A ENPCANG S (628
vgt%'j 2 ( At/A+2)( VST%{§¢1 . kvg:%{g * V%t%{?-l ) -

(At/2hy)g(f)/ 8,0 ( nart/2 o ne 2y wryi oAt -

(cont..)
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(at/20y)€((8, -0 /8p) ( n*T/2) - nB*1/2 1) -

Tg#l/z (A‘t)/,fz( hn*l/2 - hn+l/2 ) -

2,1, 0,1,
APANIOVI NS SRR S (6.25)

At this second half-time step, the integration is
carried out for the y-direction.

Thus the iteration process from time step n to time step
n+l is carried out in two half-time steps. Terms which are
not expressed as functions of variables in neighbouring nodes
( Coriolis, friction terms ) are taken care of in the second
half-time step.

The time increment t is bounded by am upper value

which is obtained from the Friedrichs-Courant-Lewy stability

(43)
condition which has the following form
1/2
( 2gH ) COmE o (6.16)

where H 1is the maximum depth in the modeled region,

Duz to its two-layer structure, there are two t values
for the Marmara Sea, one for each layer,

Taking the maximum depth of the upper layer to be 40
meters, the maximum allowable time increment comes out to be
500/3 seconds. The lower layer, with a maximum depth of 1300
meters, allows a time increment of less than 100/3 seconds to
be used. This second time increment limit was adopted for the

model and time increments were chosen to be less than this

value.,
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6.6, Boundaries and Boundary Conditions
6.6.1, Land Boundaries

At land boundaries, a wet node is adjacent to one or
more dry nodes. The treatment of land boundary nodes is done
according to slip boundary conditions. Figures 6.2a and 6.2b
on the next page show two examples of land boundary nodes.

The dry node in Fig. 6.2a( i-1,j ) is a node where
velocities and elevations are not computed. The central
differences for node ( i,j ) however contain variables of
node (i-1,j ). To take care of this and to attain a zero flux
condition across the boundary, the following modifications

are made.

h 2 h

m.i"l'j m’i’j

u 3

mi-1,3 * 'mi,] . (6.17)

C . . 3V .
Vm,i-1, j myi,J

where m=1,2 for upper and lower layers, respectively

The variables at the fictitious node ( i-1,j ) are thus
replaced by those of the node for which the computations are
done. For the quantity which should have a zero flux across
the boundary ( the longitudinal velocity component u for the
case in Fig., 6.2.), a negation is performed.

For the case in Fig., 6.2b, the following modifications

are done

h

m,i, j+1 3 hm

o1,
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i-1 i i+1

Fig.6.2a Node closed in the’ negative x-direction

X - j

i-1 i i+

Fig.6.2b Node closed in the positive y-direction



. (6.18)

u miit.]

mi,jer > Y

Ymi, j*el * Vm,i,j

where m=1,2 for upper and lower layers respectively.
In this case, the lateral component of the velocity is

negated as it should have zero flux across the land boundary.

6.6.2. Open Boundary Conditions

Unlike at land boundaries where kinematic boundary
conditions are specified, the treatment of open boundaries is
quite difficult. Open boundary conditions greatly influence
the stability and accuracy of the solutions. )

In the model of the Marmara Sea, the open boundaries are
at the entranceé of the straits. Inflow and outflow occur at
these boundaries.

It 1is convenient to specify velocities at the inflows
and elevations at the outflows(l). There are two inflow and
two outflow boundaries in the Marmara Sea and there are six
variables for which boundary conditions have to be specified.

For the wupper layer, the inflow is at the Bosphorus
Strait entrance. At the three boundary nodes there, the upper
layer velocities u and v are specified. The outflow is at
the Dardanelles Str;it entiance where the sea-level elevation
is given.

For the 1lower layer, the reverse case applies. The

inflow is at the entrance of the Dardanelles Strait where the

lower layer velocities u and v are specified. The
2 2

61
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interfacial elevation h is given at the outflow, at the
entrance of the BosphoruSZStrait.

In most numerical models, tidal variations are specified
as boundary conditions, as tide is a primary driving force in
most hydrodynamical systems. In the Marmara Sea, tidal
variations of the sea-level are small and their effect on the

(33)
circulation is negligible .

6.7. The Computer Program

A computer program in Fortran V was written ( Appendix
ITI ) to solve the finite difference equations given in
section 6.5 . The computations were carried out in two steps.

In the first step, a separate program was utilized to
generate initial conditions. In the equations, the convective
terms were neglected. Moreover, the stress terms were also
not taken into consideration and a hypothetical bottom
configuration was used. The first step computed velocities to
be fed into the main program where the convective and stress
terms were included and the real bottom topography was used.
In the second step, the simulation time was 12 hours. Runs
were made ( on the CDC Cyber 170 on the campus of the
Bosphorus University ) for conditions with no wind and wind.
Boundary conditions ( velocities and elevations ) were
specified as time varying functions, increasing from zero at
the beginning of the iterations to a maximum value after 12

hours simulation time.
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VII. DISCUSSION OF THE RESULTS

7.1. The Boundary Conditions and Driving Mechanisms
7.1.1. The Upper Layer

The wupper 1layer in the Marmara Sea is driven by the
wind and sea-level differences between the straits. There
obviously exists a flow due to horizontal density gradients,
but its magnitude should be small and it was also neglected
in the model.

Due to the lack of data at the open boundaries, the
simulations were carried out with a wide range of Dboundary
conditions. Several sea-level differences were specified as
boundary conditions for the upper layer and the response of
the sea to the surface gradients was tested with and without
wind forcing, The velocities at the boundary nodes were
specified based on data from a report prepared by the Seyir
Hidrografi ve Osginografi Dairesi(46). The data, however, was
not time-dependent and the 1location of the current
measurements also did not coincide exactly with the boundary

nodes. Therefore, in the simulations, the velocities also

were varied.
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7.1.2, The Lower Layer

The lower layer is driven by the interfacial gradient.
The bottom slope was neglected as its inclusion 1led to
increase due to tge roughness of the sea bed.

The 1interfacial slope, however, constituted a weak
force to establish a flow in the lower layer. Even with
interfacial elevation differences up to 40 meters between the
straits, which is quite unrealistic, the sea-level difference
offset the effect of the interfacial slope. The upper 1layer
dragged the lower layer along.

This inefficiency of the interfacial slope to drive the
lower 1layer suggested another mechanism for the lower layer
currents. The main driving force of these bottom waters,
however, has up to now not been explained adequately, let
alone expressed mathematically.

In order to obtain reasonable results for the lower
layer, the term which stood for the effect of the upper 1layer
on the lower layer in the equations of the model was dropped.
This omission rendered the lower layer insensitive to sea
level differences, but enabled to specify reasonable
interfacial slopes. A flow was obtained. Its quantitative
accuracy, however, 1is doubtful due to the omission of the
term as mentioned above. Therefore, the lower layer results

should be approached with care,.

7.2. The Circulation in the Absence of Wind
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7.2.1. The Upper Layer

The upper layer circulation in the absence of wind is
governed by the sea-level diffefence. Several values were
assigned to it, Here, two simulations will be examined.

In Appendix III, the numerical results of these
simulations are given. In Figures 7.1 and 7.2 on the next
two pages, the vector plots are shown.

As observable from the figures, the flow is
predominantly to the west. The waters, after leaving the
Bosphorus Strait, turn to the right and spread out. Near the
Marmara island, the currents encounter a narrower channel,
gain in speed and leave the sea through the Dardanelles
Strait. There exists a faint and not well defined circulation
in the eastern portion of the sea and a branching into the
Gemlik bay.

In the two simulations, due to the large grid size,
secondary circulations near land boundaries are not well
reproduced, Moreover, the currents to the east of the
Bosphorus Strait and along the souﬁhern coastline seem to be
too slow. As no data exists to calibrate and verify the
model, much cannot be said about their adequacy.

In the simulations, sea-level differences were 16 and
10 centimeters, respectively. The results of the first run
differed from the second run by the velocity magnitudes.
Currents were faster. As also different boundary velocities
were specified at the Bosphorus Strait entrance, velocities

slightly varied from each other in the eastern portion.
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7.2.2, The Lower Layer

As mentioned above, the lower layer currents were made
insensitive to sea-level fluctuations. Therefore, the results
of the 1lower layer were only dependent on the interfacial
slope and velocities specified as boundary conditions,
Several values were specified to the interfacial slope
ranging from 8 to 15 meters. As for the upper layer, no data
set existed for calibration and verification.

In Figure 7.3 the flow in the lower layer is displayed.
In general, the bottom waters flow in the opposite direction
of the surface waters. The magnitudes are around three times
slower than those of upper layer currents. The circulation in
the eastern bortion of the sea is well~defined.

All simulations of lower layer currents gave similar
results, therefore they will not be considered anymore. The
numerical results of each simulation, however, are given in

Appendix III.

7.3. Upper Layer Circulation under Wind Stress

As the simulation time employed ( 12 hours ) was not
long enough to examine the response of the sea to long term
average conditions, the behavior of the sea under strong

winds over a small time period was tested.

7.3.,1, Circulation and Water-Levels in the Presence of a

Strong South Wind
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The Marmara Region is frequently subject to strong
winds from the south (lodos). It has been observed that on
windy days, waters pile up along the northern coasts up to
one meter(33). Two simulation runs were made for a southern
wind, blowing with a speed of 20 meters/sec ( gale according
to the Beaufort scale ). In the first run, the sea-level
difference between the straits was 8 centimeters.,

This small difference and the strong wind resulted in
velocities partially reversed from those in normal cases. 1In
the western portion of the sea, the flow appeared to be to
the northeast. The sea-level difference between the northern
and southern coasts amounted to around 30 centimeters
(Figure 7.4 ).

In the second run, the same wind stress was applied,
However, the sea-level difference was increased to 24 centi-
meters. No reversal of the currents occured, but their
magnitudes were severely reduced ( Figure 7.5 ). A general
trend towards west-northwest appeared. As the inflow through
the Bosphorus Strait was increased and the outflow through
the Dardanelles Strait was reduced due to the wind, waters
piled up in the sea, especially along the northern coastlines

and in the eastern portion ( Figure 7.6 ).

7.3.2, Circulation and Water Levels in the Presence of

Northern Winds

For winds blowing from the northern directions, several

runs were made for light and strong winds from northeast and
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northwest. Here, results of two simulations will be
displayed,

In the first run, wind was blowing from the northeast
with a sped of 17 meters/sec ( gale-near gale ). The sea-
level difference was 16 centimeters. The results showed an
increase in magnitude of the western-bound currents. ( Figure
7.7 ). Comparing the results with the first simulation with
no wind and the same sea-level difference ( Section 7.2.1 ),
it can be observed that currents nearly doubled their speeds.
The strong northeasterly wind resulted in the piling of
waters in the western portion of the sea ( Figure 7.8 ).

In the second simulation,a calmer wind was s;ecified
blowing from northwest with a speed of 13 m/sec ( strong
breeze ). The sea-level difference was 15 centimeters. The
wind decreased the magnitude of the westward flow, <although
not reversing it. A counterclockwise circulation, faint and
not well-defined at its eastern boundary, appeared around the
islands to the west of the Kapidag peninsula ( Figure 7.9 ).
Waters piled up along the southern coasts ( Figure 7.10 ).

As observed from the figures of the velocity fields and
water levels, the Marmara Sea currents show significant
variations according to variations in forces applied to it
and variations in boundary conditions. A partial reversal of
currents may be caused by strong winds and low inflows.
Coastal <circulations are more readily altered or completely
reversed than open sea currents.

As currents and sea-levels at the open boundary nodes

are dependent on each other ( they are functions of the
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inflows and outflows ), a certain correlation should exist
between them. Lack of data did not allow this correlation to
be determined. So, in the simulations, it is quite possible
that actual conditions in regard to extreme boundary
velocities and water levels were not met and, this may have

resulted in loss of information on the flow,



VIII. CONCLUSIONS AND RECOMMENDATIONS

The results of the simulation runs have shown that the
depth-averaged two-layer model could be applied to the
Marmara Sea to predict water levels and currents. However,
some aspects should be considered.

Lack of data sets prevented a calibration and
verification of the model., So for further use, this problem
should be overcome by obtaining data sets to calibrate and
verify the model.

It has been found out that the greatest uncertainty was
about the boundary conditions. As they affect the results
significantly, in future applications, it is recommended that
the boundary conditions be based on time-dependent data
obtained under the conditions simulated in the runs. Although
its amplitude is small, tide should also be included in the
model as a driving force.

The driving mechanism of the lower layer should be more
accurately defined, and expressed mathematically, Besides the
interfacial slope and the gravitational pull down the bottom
slope, there should be another force to set up and maintain a
flow in the lower layer. This force is obviously a pressure

force arising from the density differences between the Black
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Sea and the Mediterranean Sea. However, along the Marmara
Sea, significant horizontal density differences are not
observed in the lower layer ( chapter 4 ). An expression to
account for pressure forces arising from a horizontal density
gradient thus fails to establish a flow. Therefore, a large
scale interaction between the two seas should be considered.

A horizontal density gradient also exists for the wupper
layer as a result of interfacial transfer of salt and heat
from the lower layer. This has been neglected in the model.
However, terms can be added to the equations to account for
interfacial mixing.

The computation of transport in hydrodynamical systems
is of importance. However, this task required work beyond the
scope of this study. At first, to compute the transport of
water through the sea, a much larger time period should be
employed in the simulations. One season ( three months ) is
adequate for such a purpose. It is clear that the average
transport cannot be computed from a simulation time of 12
hours when one considers that a water molecule needs around
hundred days to move from one strait to the another. For the
lower 1layer, this time should be increased by approximately
threefold, Moreover, for the computation of the transport,
the average wind stress and the discharges ( as inflows )
through the straits during the period should be known.

Secondary circulations 1in coastal areas could not be
adequately modeled because of the large grid size. A finer
grid was considered to be uneconomical as the computer time

required ( around 2000 CPU seconds at present for the main
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program ) would increase too much. It is recommended that
separate models of coastal areas with fine grids be developed
which wutilize the main model as data donor at the open
boundaries. This will help to reproduce secondary currents

more accurately,
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STATION NUMGER, 1 -
_LOWGITUDE &8 55 Q0
LATLTUDE 40 S4 36

LORRESPONDING GRID LOCATIUN
2670271982

LATEL OF SAMPLING
HAXIMUM JEPTH (M) 79
WIdD : :

DIRECTION 210

SPEED (14/S8) 3,6N5
PRSSSURE (ABAR) 1060
TEIPLRATURE (C)

DRY BULB. 9.9

UET BULA 97

(35,15

vENSATY (KG/M3)

MEPTH (M) TEHPERATURE (C) SALINITY (PPT)
¥ 6.15 20,204
1u babb 22572
20U 2,86 - 27.111
3¢ , 13.84 35.862
_ Su 15.40 33,377
STATION NUMUER 2
LOWGITUDE 28 55 S54
LATITUDE 40 48 NN
CORRESPONDING GRID LOCATION (35,12)
DATE OF SAMPLING 206/02/1932
HAKIMUM DEPTH (H) 970
Wlid
DIRECTIOH 210
“SPEED (M/S) 1,030
PRESSURE (MBAR) 1000

ateTH (M)

TCIPERATURE (C)
DRY 8ULB 94 8
WET 3uLB 7.4

T?MPERATURF <)

U 6,95

7 .70
13 6.66
2u 7455
3¢ 15445
S5u 15,21
60 15.16
10U 14.95
134 14,81
“04 14 .58
oSl "c“
420 14,40
St 14443

T SALINITY (PPT)

22,640
23,475
24,183
cheB56
38.166
38,446
38.5u1
38,5438
334555
334554
384565
384562
334,501

1615,97
1u17.75
1L21.0UV
1&20-50
1020-50

vENSITY (KG/M3)

AL17.75
10‘0.44
1010659
1v17.42
1UZO. 33
1520. 6U
1u2oa465
1u20a74
1u2s.77
1L25.82
1L25. 80
1“20. 87
1u2oe 80



STATION NUMOER, 3
LONGITUDE 29 40 00

LATITUDE

43 45 12

CORRESPONDING GRID LOCATION

LATE OF SAMPLING

HAKLKHUN OEPTH (1) . 11400

wIild

DIRECTION 240)

SPEED
PRESSURE

(M/8) 1,020
(MBAR) 1001

TEAPERATURE (C)
PRY BULB 10,0
WET BULD 75

vEPTH (M)

‘U

[+
17
20
%1
60
3¢

129
17¢
21u
430
520
1

STATION N
LONGITUDE
LATITUDE

TEHNPERATURE (C)

6.81
bbb
7.71
10.25
15445
15.16
14 .94
14472
14462
14042
14.41
14.40
14eb4

t39.11)

2670271982

SALINITY (PPT)

90

LENSITY (KG/MS)

22,973
23,076
25.100
30,0483
384256
334489
38,333
33.531
38,356
334553
384543
3de3065
3845406

UMB ER 4
28 55 36
40 42 12

CORRESPONDING -GRID LOCATION . (35,10)

DATE OF S
"HAXIMUA D
wWldid
DIRECT
SPEED
PRESSURE

TEJPERATU

' DRY 8V

WET 3u

JEPTH (M)

U
10
20
3U
LYy
74
9y
14a
19%
297
3%

495

ANPLING 20702719382
EPTH (M) 711

ION 260
(4/95) «515
(MBAR) 1062
RE (C)

La 9.5

LB 745

TﬁHPFRATURE (C)
6.535
6.88
6655 -

15.38
15.39
'15.05
14.89
14.75
14462
14ab4
14443
14440

SALINITY (PPT)

1“10.03
Tutoa1s
1vi9.59
1e25.10
1020-‘0
1u2o. 64
1023473
162077
1020.80
1020486
1u25485
1“20.87
1620.85

vENSITY (KG/M3)

e adme Ld

1L17.21
1u16.25
1619.02
1u2d.19
1“25.58
1u20.71
102484706
1020. 79
1020.83
1“20.88
1u23.86
1026, 87



STATION NUMUER 5
LONGITUDE 23736 30
LATITUDE 4U 26 50
CORRESPOND ING GRID LOCATION
DATE OF SAMPLING 27/U2/1982
HAXIMUM DEPTH () 49
WIid
DIRECTION 75
SPEED (MW/S)
PRESSURE (MOAR)
TEMPERATURE (C)
DRY BULS 7.4
WET BULS 6,0

2515
1006

(30,09

91

SEPTH (M)  TEMPERATURE (C)  SALINITY (PPT)  WENSITY (KG/M3)
0 7.23 22.750 1017, 81
. 1 736 242307 101v.01
2u 9.89 29.630 102,81
3u 13.22 * 34[923 1&20.31
STATION NUMBER 6
LONGITUDE 23 36 07
LATITUDE 40 37 07
CORRESPONDING GRID LOCATION (30, 8)

LATE OF SAMPLING
MAXIMUM DEPTH (H) 393
WIKD
DIRECTION 180
: SPEED (M/S) 1,030
PRESSURE (MBAR) 1004
"TEAPERATURE (C)
DRY BULH 845
WET BuULS 7.0

DEPTH (M)

U 6.51

9 * 6.67
19 6.9
29y .10.93
4d 154510
73 15.99
97 , 14 .95
140 14.76
1% 14,56

94 14446

2670271982

TEMPERATURE (C) - SALINITY (PPD)

VENSLITY (KG/M3) .

22,737
23.611
24,782
32,4487
38,433
38,530
38,541
38,551
38,557
38,554

117,87
1ulea54
1019443
1L24.85
1“20.52
1u20469
1026.,73
1u20a78
1L20.83
1u2o. 89



STATION NUMBER ?
LOWGITUDE 28 16 36
LATITUDE 40 44 06
CORRESPONDING GRID LOCATION (30.,11)
UATE OF SAMPLING 26/u2/1982
HAXIMUM DEPTH (N) 720
Wl

DIRECTION 235

SPEFD (M/35) 1,030
PRESSURE (MUAR) 1003
TEMAPERATURE (C)

ORY 3ULB Tal

WET BULY 6.0

VEPTH (M) TFHPERATURE ) SALINITY (PPT) vEWSLITY (KG/M3)
" ‘ 6a76 23,393 1ul7.50
9 6,63 23,023 1016.09
1 6a7b 24,816 1u19.46
28 15435 37.883 1020413
bo 15453, 33.409 1udsaSU
71 15.32 384,499 1L26.61
95 15,07 33.537 1voa?V
1%u 14,71 38,568 tu2d, 8V
280 164,48 38,557 1uloa.d5
«78 14444 3345647 1u20485
575 - 14.41 38,562 1620.87

STATION NUMBER 8
LONGITUDE 23 36 36
LATITUDE 41 53 438
CORRESPOND ING GRID LOCATION (3u,14)
OATE OF SAMPLING 23712719382
HALINUM DEPTH (M) 174
kIND

DIRECTION 40

SPEED (M/S) 6.130
PRESSURE (MUAR). 1006
TCIPERATURE (C)

DRY DULD 9% 7

WET BULB 9.5

vEPTH (M) TEMPERATURE ) SALINITY (PPT) VERSITY (KG/M3)

] 6427 21.555 101097,
1u 6,20 1a543 1.10.9?
20 6470 23,856 Twlue?3
3u 730 254249 1019, 75
50 14.74 37.%37 1uU2sabb
75 15.33 38,465 1U25.57

100 15.26 33,517 1020466

150 15.00 38,552 1028473



STATION NUMBER 9

LONGITURE 28 17 36

LATITUDE 40 54 N6

CORRESPONDING GRID LOCATION (25,14)
VATE OF SAMPLING 23/02/1982
HAKIWUM DEPTH (M) 303

WINHD

PIRECTION L0 .

SPEED (M/S) 8,240
PRESSURE (MUAR) 16
TEAPERATURE (C)

DRY guULY 9.7

WET BuULD 9a5

vEPTH (M) TgMPFRATURC ) SALINITY (PPT)

u 6.75 234539

Y 678 23,593

1o 6.00 24.100

27 6.86 25,905

b 15.47 58.593

67 15.21 33,559

ay . 15 .02 o 384597
133 14,81 . 38,625
176 14.69 T 384597

STATION HNUMBER 10

LOJGITUDE 23 17 NN

LATITUDE 40 &4 3N

COARESPONDING GRID LOCATION (24,11)
DATE OF SAMPLING 27/uU2/1932
MAKIMUN DEPTH (M) 510
wIip

DIRECTION )

SPEED (H4/S8) 2,575
PRESSURE (MUAR) 1006
TEWPERATURE (C) -

DRY BULB 7.0

WET 8ULD 6.C

JEPTH (1) TEHPERATURE (c) SALINITY (PPT)

u 6465 234304

’ 6.79 ¢540Ub
1o 677 25,630
26 6,78 254729
by 15,50 334,146
be 1530 ) 334017
81 15.n2 33,003
123 14.85 38,012
165 14,69 38,659
%15 14,49 33,639

VENSLTY (KG/MI)

t

1“10.‘6
1L1OQSZ
1L10.95
102"03‘
1u2ua5U
1uloabbd
1“20.70
1020482
‘020.65

vENSLTY (AG/M3)

o Lo

1b1¢.35
1uly, 62
1u2U. 11
1u2u.19
1ud6a33
1u26.71
1UZ°.76
1udoe81
1“20.88
1L20695

PR v

R
by DA

93




STATION NUWBER 11
LOJGITUVE 23 16 54
LATITUDE &40 37 13
CORRESPONDING GRIDO LOCATION (24, 8)
VATE OF SAMPLING 27710271982
HALLUM DEPTH (1Y) 76
wl«dD

DINRECTION Iy

SPETD (M/S) 2.575
PRISSURE (HuarR) 100¢
"TEAPERATURE (C)

DRY WULY 75

WET LULB 6.1

~

JFEPTn (). TﬁHPEEATUQE ) SALINITY (PPT) wenS1ITY (KGs.
1] £eS57 23.259 1“'0-26
iU 7.00 2habl12 1113
2u 600 eSa117 luly, 7U
3u NVebb 3n.531 1W2s.6U
50 15.55 33,441 1u20e52

STATION NUMBER 12
LOWGITUDE 28 17 36
LATITUDE 4u 27 10
CORRES PUNDING GRID LOCATION (25,°5)
VATE OF SAMPLING 27/U2/19482
WAKIHUN DEPTH (M) 5N
WLib
PIRECTION 25
SPEZD (M/S) 4515  _
PRESSUIE (HBAR)  10AS .
TEAPERATURE (C)
DRY JULB 9.8
WET BULS  9a6

JEPTH (H) T%HPFRATUR( ) SALLINITY (PPT) wERSLTY (KG/M3)
u §.75 i 224349 " 10v17.94
1 676 25,033 LI R Y T4
Eu 5.36 25.511 1UZUQC1

3U 11.33 334913 1udae8u



STATION NUMuSR 13
LONGITURE 23 57 s
LATITUDL 4u 37 16
CORRLSPUNDING GRIO LOCATION (19,u8)
DATE OF SAMPLING 277uv271932
LAKIMU 4 oLaT () 93
“IJD

DIRECTION on

SPEED C(4/7S)  1.031
PRESSURE (MBAR)Y 1047
TLAPLERATURE (C)

ORY BULY 11,u

, WET BaLy 8.0

JEPTH (1) TEUPERATURE (C) SALINITY (PPT) VENSITY (KG/M3)
v 7«51 ¢3.2038 1104635
1 ’ 715 Lbhetll Tulva43
ZU 749 ’ 4.’5.7)9 1029-15
3u 14.74 574494 192’.97

STATION HUMGER 14
LOJGITULE 27 %8 3o
LATITUDE 40 22 4%
CORRESFUNDING GPID LCCATIUN (1v,11)
LATE OF SAMPLING 27702719382
HAKLMUA DEPTH (1)  1GeN
wlid

DIRECTLON 45
PRESSURE (MwAR)Y 1007
TEUPLRATURE (C)

DRY HULU 5.5

deT BULY 7.5

JFeTH () TENPFRATURS (C) . SALINITY (PPT) VENSLITY (KRG/F3)
N ' 6a73 24,415 1ul7a10
Y 6eab9 c4.532 1uive20
1‘) 0.0, ‘5-‘01& X 1019.90
26 Re12 72915 1u21.73
o/ 15430 334447 1020458
71 15.11 584535 1u2ca6Y
() 14475 384553 1u20aTh
16¢ 14 .73 33,551 1U2ue7d
476 14,47 . 34,3543 1020485
s70 14 442 3645611 fL2oq 80

74 14445 33,541 Tv2o. e



LSTATLION HUNGER 1S5 °
LOWGITUE 27 5% O
LATITUIE  4&u 52 %0
CORRESPUNLLHG GLRID LOCATION (19,14)
VATE OF SAHPLING 2770271732
HALIMUY OLPTH (1) 1130
LIid

DIRICTION 74

SPLcu (M/8) G0
PRUSSURE (AUAR) 1005
TEAPERATURE (C€)

DRY BuLy 1.5

wbT uvuLd 5«C

wteTn () TEuPTRATURT (C) SALINLITY (PPT)

vERSLTY (KG/ik3)

H 2.9 24,940

[¥] 7.12 - .:‘0.912
14 7.“‘7 .2‘.901
21 7414 ciaiul
34 1531 36,014
Sa 15.32 33,493
6o 15.11 38.5¢5
10y 14.02 33,502
147 14,75 334551
<17 16,58 54,540

STATION NJHUER 16
LOWGITUDE 27 38 3.
LATITUDE 40 &4 42
CORRESPUMNDING GRID LGCATION (14,11)
UATE OF SAAPLING 23702/7193¢
MAKLinY wEPTH (1) oul
Wl

PIRICTYLION &5

SPEED (i1/S) 4,300
fRESSURL (Muar) 10
TEGPERATURE (C)

Py duLu 5.0

WET ouLy 5.0

1ulive b9
1L17.51
1L1ve 57
1&1*.97
1uéoe Cé
1&20-61
1“20. 6o
‘h.Zu. 75
1020.79
1“20. a)

JErTn (H) TQHPERATURE c) SALIRITY (PFT) wENRSITY (KG/M3)

i 6.72 24,222 1u172,.02

@ 0a6h3 b 210 117,01
17 T heS T 26,277 Tvizalo
26 ?.17 2343465 1L19.65
Lo 15,42 334202 1Lduaél
67 15.7C dag.517 1udoaéd
Sa 15.09 36,303 103U 93
12¢ 15.R8 38,616 tulu. 8U
17? '5.65 .53.624 1&20-80
b7 1559 334,645 1uloue.80



STATION NUNBER 17
LOAGITUDE 27 33 37
LATITUDL &4u 32 06
CORRCOPONIING GRID LOCATIUN (14.14)
VATE NF SamMPLING 27373271932
WAKINUM DEPTH (1) 1040
wl.Jd

DIRFCTION [

SPe=D (iM7S) 6,590
PR ISSURE (duAR)  111Mg
YCOPERATURE (C)

DRY S4LY 7.4

HET BuLd 5.C

et G TfEPrRATUR! C) SALINLTY (PPT) vENSLITY (KG/M3)
i, Eannd 4,247 TLiy. 02
¥ bS8 ¢3.810 fetoa71
10 6HeSO chobe? 1e17,.,19
o7 7.76 &S5.436 1Liv.83
45 15.23 55.252 1“20.“’
6/ 15.20 5325135 1020465
AV 1S.04 384549 Tudeate
139 14.36 33,573 1ulos?o
'S] 1“-68 ° 5\5.553 1020.8&
iy 14,50 33,577 1L2aa 80
Y 14,43 33585 1Tvlue b
STATION WUAGBER 13 T
LOUGITUDE 27 o5 9S4 -

LATITUDE 4u 40 13 .
CORRESPONDING GRID LCCATIUON (1o 0u9)
DATE OF SANPLINKG 2374271922
JAKINMUA DePTH (1) 140
Wl
PINZCTINN L5
SPETY (M/3) 6,150
PRESSURL (4uAl) 1404
TEAPTRATURE (C) ‘
DRY JULD Hali
UET yuLd 5.0

"ICPTH () TghPEkATURE (c) SALINITY (PPT) VERSLTY C(KRG/M3)
e 720 che563 Telvadd
1u 7,21 24,570 1Livae s
A Ge% 2 iba879 twlve5¢
3 I K Qha950 Tvive 3V
.rU 13.21 55.271 1L20.‘0°
79 15.71 34,506 1uloabb

(1" 14,97 334335 : 1Llua 0



JreTH (o) TfHPERATUQC ) SALINITY (PPT)
“ 6438 25394
14 685 54351
2u 6470 25,054
3G 14,02 37,234
56 15.12 334343

STATIUN NUAZER 19
LOWGITUDE 27 24 M
LATITuOL 41 33 55
LCORRESAUNDING GRID LICATION (1u, 7)
VATE OF SAMPLING  23/4u2711982
MAKLIIUY DEPTH (1) o7

DIRZCTION L5

SPEED (M7S)  7.725
PRUISSURE (MUAR) 10N
TEAPERATURE (C)

ORY buLd 84N

WET YuULBS Se 5

VERSLITY (KG/M3)

STATLOW NUWMUER 20
LOWGITUDE 27 37 24
LATITUJDE 40 32 48
CORRESPONDING GRID LOCATIUN (14, 7)
DATL OF SAMPLING 2?7/u2/71982
LAKLT MU QEPTH (1) 02
Wwliid

DIRECTION an

SPEED (i12S8) 243575
PRESSURE (MuAR)  1C4a7
TEAPLRATURE (C)

PRY buULY 9.9

UET suLD 7.1 -

VEPTH (M) TEAPERATURE (C) SALINITY (PPT)
L X ¥ YIT 1 T 1" % -‘J -hoa L ] -

1 75100 eda9ct -

1u 7.3) Cha7un

2u 720 £9.499

k18 11.43 35.932

|
!
|
!

Su 14439 384515

1919192
15-17.71
1udu,1c
1u27.90
1‘420.5‘

vENSITY (KG/MNS)
TL10e69
1L1v.95
1.23,79
1Ldue?2
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STATI0OM NUBER 21

LONGITUDE

LATITUDE

CORRESPUNDING GRID LOCATION

27 3n 42
4U 22 50

(14,03)

DATE OF SAMPLING 27/02/1932
HAALLIUM DEPTH (1) 36
Wlnd .

DIRECTION 315

SPEED (1M/5) «515
PROSSURE (nbAR)  1Ch6

TRAPERATURE (C)
PRY BULUY 943
HWET BULD a3

aFPTH, (M) TEMPERATURL (C) SALINITY (PPT)
\ 7.5%5 252343
1 6431 2543060
2‘.‘ 6.’7 ‘:5.888
3u 11.26 33,713
STATION NUMBER 22
LOAGITULE 27 20 42
LATITUDE 40 22 43
CORRESPOMDING GRID LOCATION (11, 2)
VATL OF SAMPLING 27/02/71932
MAKINMUM 2&PTH (1Y) 42
Wwl.iD
DIRSCTION 34
SPEED (H178) «515
PRLSSURL (tUARP) 1006 ~

TEAPLRATURE (C)

DRY BULY

12.0

WET L3 9.2

JEPTH (M)
¢
1
2
34

TERPERATURT (C)
-4“..— -“-?—.._ - g o
7.53
675
6 ) i 6

13,72

STATION WUMLER 23

LOAGITUDE
LATITUDE

CORRESPONDING GRID LOCATION
27/1G271982

VATL OF S

AMPLING

27 11 36
40 33 0N

HAALWUY DLPTH (1) o?

Wwldd
DIRZICT
SPEED

PRLUSSURL

TCAPLRATUY

10N 45
(1M/S) 3,240
(Huar)  {00g
RE (C)

brY oULH 5, 0

WET Bu

2ErFTH ()

Ly 545

TFNPERATURF (C)

9]
1
Qu
3y
¢

6474
6495
haRS
13.7%
15405

SALINITY (PPT)

54646
c5a949
20-1210
334541

C 6, 7)

SALANITY (PPT)

e T w0 Gl G Gn B et G5 o Wiay
25.360
25.421
25.692
354,495
33,530

vENSLTY (KG/M3)
101v.95
1L2ue Y
102u.32
1uese?5

VEWSLTY (KG/M3)
1ulu.Ca
102“.37
1L2LaSuL
1“2(.4?

VERSLTY (KG/M3)

1L17.9v
TulYed3
1L2uaeld
1u2ua7d
1“20.70
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STATION NUNUER 24
LOJGITUDE 27 €N 12
LATITUDE 40 3¢ 43

CORRESPONLING GRID LOCATIUN
27732719382

DATL OF SAMPLING
HAKLIWUS DEPTH C1) 52
W1.D

DIRECTION 7%

SPLED (M7S)  6.137
PRLSSURLE (Huir) {1070
TEIPERATURE (C)

DRY LD 8e5

UET 8ULD 6,0

JEPTH (1) TEHPERATURFE (C)
CHED WS Wa Wm W b8 s v ‘anvina ¢ aoon hew BB M M o W oe S 0¥
9] 6 » R ?
1 AalS
2u 648N
3y 13.67

STATION NuMuErR 25
LOHGITUDE 26 49 24
LATLTUDE &4 25 13

CORRESPOND ING GRID LGCATION
27/42/71982

VATL OF SAMPLING
HALLIUM DEPTH (1) &3
WIND

DIRECTION 145

SPEZD (MrS) 2.575
PROSSURE (MBAR)  10N¢
TEAMPLERATURE (C)

DRY uwulLB 9.9

UET BULSB 9. 7.

wEPTH (&) TFHPERATURI )
€] 7."19
1u 7.N6

24U 6,71

C 3, 06)

SALINITY (PPT)
254152
coelu?
254341
374382

-

GUT UF GRID

SALINLITY (PPT)

254221
25.217
54559

vENSLTY (KG/M3)

felva 71
Tel7eib
1u1v.85
1\120.11

VENSLTY (KG/M3)

Tviva 7o
1Y 706
1U20.C7

100
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APPENDIX II
COMPUTER PROGRAM LISTING




-
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PRIGRAM WAR(SDMD1,CABST1,RFST1,VHRDTISRDITAPETIN=8BONDY1,TAPEY=CAI
*TAPF12=RcS1,TAPE11=VHRDT1,TAPEI3=RD1)

DIMENSION IDM(43,19) »IRR(S),ISCACL3,19),05CACL3,19),n3C040+19.

COAMON /73517 LP,IM,IXP,LIXNM

COAMUM /5270 PslMsdYPLIYN

COAMUN /SI/HTICA3 19 U1 CL3,19)4VAIC43,19)sH2CL3,19)sUclo3,1Y).
*J2(65,19)

COMMUM /S4/7H12C43,19),012C43,19) 4V 12(63,19),H22(4635,1Y%)
*,U22C45,19),v22(43,19)

COANMON /SS/NUCL3,19),D8(43,19)

COAMUN /3675 XC43,19,5Y(43,19)

COANOMN /37/AS/RT1/R2,R34RGLIRSIREIRTIRIIRBIRNXIRWYSCR

A13(TA,GRITT,CSE)=CSE=(TA*GR/TT)

AZICTALDIFLATTAOULI=DYL=C(TA*DIFL/TT)

INLITLALTIZATION

G'-")- (51

J0=1uy1yv,23

dD031U26 .05

A= O0N]

0I=540u,

LPFD=IVI=IDT=IGR=ITT=ICTI=IDIS={]

IRLI=INR=ITA=IPM=])

IRRCII=IRR(2)=TIRR(II=TRR(&L)=IRR(S5) =]

I=iPy=)

TT=0,0

20 11 1=1,43

29 11 4=1,19

A1(I,J)=H12(L,J) =}

J1C1,00=v1(1,d)=7.10

A2C1,40=U2CL,d)=V2(1,J)=0,0

J12(1,0)=Vv12U,3)=20

A22C1,3)=U22C1,d)=V22C1,d)3UeU

DA(IAII=3XCLsd)=SY(T,y)=0

ISCA(l,J)=JSCAC(L,JI)=D

LOACI 4)=NUCT,I)=C

CNANTINUE

A1=Cs5=J,.4

ARIL=ART1S=ART16=0). 11

At14=a15=A146=0,

UD14=UD15=UD16=1al

JBIS=Ud30=UB 37 =40

A33=A30=A37=0,1

A335=Au30=A837=0.U
ADT4=AD15=AD16=daU

JL3S=RL3u=lL37=040

ART=A2=D1=02=043

dl)=uliv=ul 3=2U3=1,1

WId=NIP=0) =Ny P=N

[P=IA=IXP=IXM=1)

JPIJi=gYP=JYia=n

dIP=NIH=HIP=NI M=)

K=L=1Fi1=0

ISC=4S5¢=J -

R1SRE=R3I=R4&=RS=R6=R?=R&=0,0

ASsW=AN=), U

RUA=RWY=|SX=WS¥=1,10

RI<Ra=LT=NY



94y
&o
93
94
171
9¢

95
%0

97

53¢
99

96

285

30U

191

103

INPUT FRUM DATA FILES

FILE CA3S

READ(9,9U) IEN, CS
FORMAT(1X, 13,7 +1XsF7a5)

READ (9,84)SLX,SLY, SN :

FORMAT K14, F7a50/21%XsF7a5+7/21%Xs Flal)
READ(9,93)GR

FORMAT(1X,F543)

READ(2,94)DIFL,DUL
FORNMATC(1XsFS5al1 4/ 71X, F6a1)
READ(9,1713C,F1
FORMAT(I1XsFS 12/ 7s1XsF745)
READ(9,92) W, AW
FORMATC1A,F6 432/ s1Xs F501)
READ(9,95)uUD14,UD15,UD16,A14,A15,0106
READ(9,95)uUB35,uB36,UB37,235,A36,A37
FORMATC(3(1 KXo F6 a3,/ )0 1XoFS a1l o 1XsFSatslr1XrFS.1)
READCI,90)ASHOTL,TT

FORMATC/ 21 XoFoal s/ sV XsFSal sl r1XsFSalsl)
READ(9,97)INR, (IRR(I),1=1,5)
FORMATC1X, 1147 ,5C1X,15,17))

FILE 80N

DO 532 1=1,43
READ(1L,99)(NUCT,0),4d=1,19)
CONTINUE

FORMAT (5X,1912)

80 10 1=1,43

READCIU,98)CIDM(ILI) »U=1,19)
CONTINUFR

FORMAT(1X,1914)

20 263 I=1,43

w0 2063 J4=1,19
V3(I,JI=FLOATCIDM(LI,J))

COWTINUE :

INPUT FRUM VHRD

READC(11,300) IENT

FORIMAT(5IX,13)

20 15 1=1,43
READ(11,190) (UWICL, ) »I=1,19)
READC1I,190)VI(LLI),0=1,19)
RIAD(11,190) W2CL,d) »d=1,19)
READ(11,19M(v2(1,0) »4=1,19)
FORMAT(14,19F643)

20 191 I=1,43

00 191 J=1,19

U12¢I1,3)=U1(1,J)

v12€1,4)3Vi(IL )

ug2(l,ed=u2(l,J)

v22C(L,4)=V2(1,J)

CONTINUE



332

531

33u

31d

LAWD BRUUNDARY CONFIGURATIONS
D0 330 I=1,42 )
p0 330 J4=2,138
LF(NUCI,J)aERLIIGO TO 331

@0 Tu 539

ISCA(I,J)=¢

JSCACI,I)=4

30 TO 330

I‘IP=NU(I*1IJ)

HIA=HU(I=1,4)
ISCACI,I)=NTO(NLIP,NIN)
AdP=U(lrd+1)

NJA=NUCLL =)
JSCACILIISNTO(NIP, NI M)
COWNTINUE

JO 310 1=1,43

DO 21D J=1,19
H12CLlrsd)=HT1 (L ,d)=CSE=1400, +GR
H22(1,4)=H2(1,J)=DUL
COATIMUE

INLTIAL COMPUTATIONS
S0JNDARY CONDITIONS
DARDANELLEN 3QUNDARY

J2(1,4)=022C1,4)=UD014*COSP (45SLia+A14)
J2(1,5)=2422C¢1,5)=0015%C0SD (450 «=A15)
J2(1,62=022(1,6)=udD16*COSD(450a~A16)
V2(1,6)=v22C1,4)=UD1&*SIND(45Ua"AT4)
v2{1,5)=v22(1,5)=UD15*SIND(4&504=A15)
V2(1,50=v22C1,6)=UD1 6*SIND(455e=A16)

JO3PHORUS BOUNOARY

J1(235,16)=U12(35,16)=U335*COSD(45)4~A35)
J1(30,16)=U12(36,16) =UB36*C0SO (45U e~A36)
U1(37,16)=u12(37,16)=U837*CCSD (450 e=A37)
V1(35,16)=v12035,16)=U335*SIMD (450 4=A35)
v1(30,15)=v12(36,18)=UB836*SIND(455.~A30)
V1(37,16)=v12(37,16)=U337*SIND(454=A37)

JIAD FIELD-

WSX=DUNO7 > (Wr*(2,44))*COSD(451,=Ad)
ASY= QU077 *(dx%x(2,44)) *STHD (457 ,AW)

SHJIRT HWOTATLIONS
R1=1./7(AS3+2,)
R2=pT/(2a*D1)
R3=RZ*y
R4=Ro*x(U0/3D)I*(CS
RS53R3* ((4D~=yD) /830)
R6=DT*CA
R7=(3D=Ud) /3D
RUX=ASX*DT/UD
RWY=WSY*DT/UD
RI=DT*F1
REB=DT*G/ (Cxx2,)

104



105

JUTPUT FILE

IDI=INT(DI)

ITT=INTC(TT)

IDT=INTCOT)

ICTI=1ITY/I0T

I0IS=0

ARITECI2,2U0U)IENAITT LIDISAIDTLICTIAIDI

20U FORMATC/7240%Xs 20HRESULTS NOF EXECUTION,1X213,/7+30%,

] SASIMULATION TIMELI1 X, I6,1X,7HSECONDS,/,3UXK,

*324MAXIMUN ALLOWABLE TIME INCREMENT,1X,I13,1X,7HSECONVS, /0 3uX,
*SATIME INCREASNT SMPLOYED,1X,13,1X-THSECONDS, //»30LX,

*544CORRE SPONDING HUMBER OF ITERATIONS,1X,14,/,3)Ks130GR1u wISTAN
*, 1R, 162 1X76HAETERSH/)

254 WRITE(12,202)4D,80

202 FORMATC(/,30X,19HUPPER LAYER DENSITY,T1XsF7a2,1Xs7HKG/inx%3,
*/230Xs19HLOWSR LAYER DEMSITY,1XsF7a221Xs THKG/Hi%kx3)

WRITEC(I2,233)CA
QU3 FORNAT(3.IXs22HCORINLIS ACCELERATION=,1X,Foebrs1Xs5H1/5EC, /1)
ARITL (12,204 AN

204 FORNAT(3IX,11HYIND SPEED=,1XsF6e3,1X,SHA/SECA/ »33Xs

®*{1AWIND ANGLE= 11X, FS 41 21X, 7HDEGREES,//)
ARLTE(12,205)C,F2 .
205 FARMAT(IUX,S6HCHEZY'S BOTTOM FRICTION COEFFICLENT=,14A,F5a1s.
*{X s UHII**[i ¢5/SCCo7 »3GX»3IHINTERFACIAL FRICTION COEFFLCLENT=,
*1X,F7u20/1)
JRLTECI?2,206)GR
200 FORMAT(3OX,17HSEA LEVEL EXCESS »F6ea2s1X,6HMETERS)
ARITEC12,207)

207 FORMAT(//+,30X,41HBOUNDARY CONDITIONS AT BOSPHORUS ENTRANCES/ 230
*461C1H=)s//30%s 3GHYELCCITIES AT THREE BOUNDARY NODES,/,50As
*114UPPER LAYZRA/ 720X ,LHNODE,SX,21HCURRENT SPEED (M/SeC)roXs
*3I4DIRLCTION (NORTH IS © DEGRESS) /20X, CTH=),»5Xr21 (1H=),3X
*,3J(1H=),/)

WRLTe(12,203)U335,A35,U336/,R306,U837,A357

2Ug FO&NAT(19X¢7H(35:16)13X/F6.3'1nXlF5.11/119X:7H(3611O)1éX}F0.3/1&

* s F3e 10l s 19XsPHB7,16) 28X F623,1UXsFS010/)
WRITE(12,209)

209 FORYAT(3UX,43HBOUNDARY COMDITIONS AT DARDANELLEN ENTRANCE #7 30X,
#43C1n=)sll o3 K s34HVELICITIES AT THREE BOUNDARY NODES,/,50Xs
*J1HUPPLR LAYER A/ +20X sLHNODESSX»2THCURRENT SP=ED /Sl roXs,

* 3040 IRECTION C(NORTH IS 1 DEGREES)A /2,46 CiH=)s5X,21C1H=) »54
*,3JC(1H=),/) )
ARLTEC(12,2100UD14,814,UD15,A15,UD15,A16

21U FORMATCIIXATH C1od) #3XsFb6e3s1%sF54127,19%X,7H (1,95) roXosFoadsti
*pFE32127210KksTH C(1,6) ,B8%XsF6a3,10XsF5a10/)

ARLTECTI2,211)INR
211 FORMAT(/,30X+26HRESULTS HAVE S5FEN PRINTED «L1,1X,5HTiMeS,///)
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COAPUTATIONS
20 1 L=1,IdR
IRI=IRRILI/ZINT(DT)
DO ?2 XK=1,IRI
ITASITA+IDT
TA=FLOAT(ITA)
H1C¢1,46)=d1(1,5)=H1(1,5)=H13(TA,GR, TT,CSE)
H12C1,4)=112(1,5)=H12(1,6)=H1B(TA,GR,TT,CSE)
A2(33,18)=d2(36,16)=H2(37,106)=H2DC(TA,DIFL,TT,DUL)
A422€35,10)=H22(36,18)=H22(37,16)=H20C(TA,DIFL,TT,DUL)
FIRST TIME STEP
V0 7 1=1,42
DO 7 J4=2,13
IF(NUCL,J) aEQa=2)G0 TO 7
LFC(NUCI,J) aEda2)GO TO 53
IF(NUCIAJ) aEQ.NNGO TO S4
FRZEF NODE
59 Ip=I+1
IM=1=1
IXP=IX.'I=1
w0 TOU 55
LAAND BOUJDARY NODE
54 ISC=ISCA(I,J)
w0 TO(56,57,583,59)1S¢C
So IP=I+1
INn=1I
IXe=1
IX A==1
30 TQ 55
57 IP=1
I1=1=1
IXp==1 g
IXi1=1
30 Tu 355
S50 IP=1l4=1
IXP=IXii==1
a0 TO 55
‘ JOJMDARY CONDITIONS
55 [F(JFuai6)GO YO 60
DARDANELLEN NODES
FORWARD DIFFERENCES
A22CLrd)=RI*(ASYH2 (Y L) +H2(TI,JI+H2(1+1,4))=R2%x(H2(I,u)~
*)0C1,0))*(U2CI+1,4)=02(C1,4))=R2*U2 (1,3 *(H2(I+1,J)=Ho(Lri)
*eDSCI+5,4)+D3CT,d))
UT2CI,0)=PI* (AS*UT (T ) +UT(I+1,0)+UT (T 4d))=R3*x(HICI+],u)=HI(I
VI12CL,4)=RI*(ASKVY (1,00 +VI(I+1,4)+V1I(1,4))
W0 TO 7
d03PHORUS NODES
6U IF(l,EWa35)G3 TO 71
IF(I.Fua37)G0 T0 72
IP=T+1
IM=1=1
IXe=ixu=1i
w0 TU 73
72 12=1 -



73
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HI2CLsd)=PI* (HICIP,JI+HTICIMAJI+ASRHI (L1 sd))=R2% (HI(Ls i)~

*A2CT d))*CIXPYUTC(LIP,I) =1 XM* U1 (1i2d))=R2%U1 (I ,4)
o (A1 (IP,II=HTICIMAI)=H2(IPLII+HZ2(IMNI))

U22CLrsd)=PI* (IXP*U2CIP, ) +IXM*U2 (IM,J)+AS*U2(LVd))=~

*R2*Y2(I ) *(IXPRUR(IP,J)=IXU*Y2(IMrI))=RE&x(HIC(IP,J)~

69

65

6o

67

10

*H1(I1Msd))=R5S*CH2(IP,J)=H2(1N,u))
V22CL1,3)=R1* (V2CIP,J I+ V2(IML,J)+ASHV2(1,J))=R2%U2(1,J)*

*(V2(IP,J)~V2(1IM,J))

g0 TO 7

SUSBROUTINE ROUTING

CALL FTS(I,J)

CONTINUE

SECOND TIME STEP

vl 9 I=1,42

0 9-J4=2,13

IF(NU(LI,J) aEQua=2)G0 TO 9

IF(NUCLILJ) aER22)G0 TO 62
_FREF MODE

JP=J+1

JM=g=q

JYP=yYit=i

40 TO oS

LA{D BUUIDARY NCODE

JSC=JSCA(LILY)

30 TO0(06,67,58,69)JSC

JP=y+1

JM=y

Jye=1

J ¥ i==1

w0 TO o5

JP=yJ

JMN=d=1

JYpP=m1

JYA=1

3N TO o5

JP=Jdf=d

JYP=y Y=t

G0 TV o5

JOJNPDARY CONOITIONS

IFCI4Ewa1)G0 TO 74

B35PHORUS ENTRANCE

IF(T.EW.36)G0 TO 16

60 TO 17

BACKWARD DIFFERENCES :

HICI,3)=(1a/ CAS*I ) *(HI2CT, ) *AS+HT12(L,J=1))=(DT/DI)*
*(H12(C1,3)=r22C1,Jd))*(V12(1,d)=V12(1,J=1))=(DT/DI)*
*(H]12C1,d)~H12C 1,0 1) =DB(T1,J)+DB(1,d=1))*V12(1,J)

U2C1,30=(1 0/ (AS+1.0) % (U22(1,J) *AS+U22(I,J=1))+CA*DT2Vv2c (L 0y
*ee (OT/DI)*V22(L4dd % U22(L1,J)=U22(C10,d=1))=(DT*G*U22(L,u) )%
*3A3TCUR2CL ) **2 o ¢ V22(L, ) *22 )/ (Cax2,)%(H22(1,4)=DB(1,4))~
* (SIRTCU22CL,J) *%2 4V22(1,J)**x2,)%(U12CL,Jd)=U22CLrJ))*DT*FIJ
*/Cd2<(I,d)=D3C10d)) ) -

V2CT1,3)=(1a/ CAS* 1)) *(V22CT1,0)*AS+V22(1,J=1))=CA*DT#U2c (I ,d
*m(OT/DI)*V22 (1) (V22(1,J)=V22(1,d=1))=(DT/DI)*G*(UD/D)*
*(Hi2C1rd)=H12C1,34=1) ) COT/DL)*G*((3D~UD)/BDI*(H22(IVy)~
*H22(1,3=1) ) (DTRGaV22(1,4)) =
*S5QATUL2CT 20 )% 22, +V22(2,J) w2 )/ (Coax2, )% (H22CL»d)=DB(Isd))"
* (SAPTCU22(1,J) #%2 +v22(T1,4)%%2 )% (V12(1,J)=V2c(1,4))=DT¥Fl)
1 C422C1,0)=08(T,J))

A Y 9
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"CENTRAL VIFFERSNCES
17 JP=J

JM=)=q

JYP==q

JY 1=1 .

A2=SURTCCU22 (1,0 *U22(L,4))+(Vv22(1,3)%V22(1,4)))/
*(H22(1,d)=~D8(1,J))

H1(L,d)=RI*(H12CT,0P)+HI2CT M) +AS*H12(I »J))

*mRIN (H]2CL 0 )=H22C L, J) )X (JYP*VI2(I,4P)=JYH*VIZ(I,J%))
*eaR2XVI2(I,3) *(H12CL1,JP)=HI2CT,IMI=HL2(L,JPI+H22(1,JN))

U2(I,d)=R1*(U22CT1,dP)+U22(T M) +AS*U22CL,J))+RE6XV22(1,y)
*wR2xY22(I 4 *(U22C1,UP)=UR2(I,JM))=RI*A2*U22(1,4)
weeRI*AZ*ABS (U12(L,J)=U22(1,4)) .

V201, )=RI*CIYPxY22(L,dP)+aYMURV22( T, i )+AS*V22(1,d))
*wRonJ22 (L J)=R2wV22CL,JdI*(UYP*V22(T1,JP)=JYM*xV22(I,IM))
Q3% (H]2CI 24 P)=H12 (1,3 M) )=RS*(H22CL,JP)=H22(1,JM)) ~Runa?
*xY 22 (1 d)=RI*A2%ABS(VI2(L,d)=Vv22(Ll,d))

a0 TU 9

DARDANELLEN ENTRANCE

T4 1F(JaBuga)GO TO 77

IF(JaBuWa3)G0 TO 78

JP3y

NRLERES |

JYpP==y

JYA=1

GO Tu 18

76 JP=J+1

JH=y=1

JYe=dyii=i

“0 Tu 18

77 JP=J+1

NN

JYP=1

JdYii==1

18 A1=SaRTCCUTIZ2CI,dd*U12CL,3))+(V12CL,d)*V12(L,4)))/
* (HI12CI1,J)~H22(1,J4)) .

A2CI,3)=RI*(H22(T»JP)+H22(T,IMI+AS*H22 (L »J))=R2*(H22(1,J)
*keaD JCL ) I* (JYP*V22 (I IP)=JYM*V22(I,dM))=R2*V22(L,J)
w*x(422(1,JP)=H22(1,J*)=DB3(I,JP)+DB(L,dM))

UTCI,3)=R1*(UT2CT,JPI+UT2CTI,IMI+AS*UTI2CL1,0))+R6*xVI2Ciry)
*+RAX/(HIZ2(LrJ)=H22 (T, ))=RI*AY*ABS (U12(L ,d)=U22(1,0))

VICIAJ)=R1%(IYPAVI2(I,IP)+dYMRVI2(I,JHMI+AS*VIZ (L d))=Ro*ut2(l
*eR I (H{2(1,dP)=HI12(L ,4M))

*+RAY/CHI2CL ) =H22(T ,3))=RI*AT*ABS(V12(L,4)=Vv22(L,4))

30 TY 9 .

SUSRJUUTIHE ROUTING

65 CAuLL STS(I,d)
Y COATINVE
2 CNWTIMUE
CALL RESULTC(ITA)
1 COWTINUE

RESULT DUMPING

CAuk RESVUHP (I ZN)D

3TUP
_EN
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SUJROUTINE RESULTCITA)
DIMENSION NIC43),10UC43,19),IHF1(43,19),1I0LLC43,19)
COUMUN /S3/7H1C43,19) JU1C43,19),v1(43,19),H2C43,17)
*,02063,19),V2C43,19)
COMMOM /S5/NUC43,19),D2(43,49)
COAMON /S8/QLD,aUDp,aAL3,QURB
INITIALIZATION
DO 543 I=1,43
NICI)=1
5435 COWTINUE
PO 1J0 I=1,43
00 1070 J=1,19
IDJCL,d)=IHF1C(T,d)=IDLL(L,J) =0
103 CONTINUE
111)=17=13=19=y
NOS=HH=ENM=NS SN T1=N2=N3=0
00 131 1=1,43
20 131 J=1,19
IF(NUCI,J) 4 EQ,=~2)GO0 TO 102
IDUCLAY)=INTC(HIC(L,3)=H2(1,4))
IHF1CI d)=INTCCHICI, ) =14600,) «100,)
IDLL(ILJ)=INTCH2CI ,3)=DB(144))
30 Tu 161
(2 IDJCIA)=IHFIC(I d)=IDLLCI,J)=10000
1 COATINUE
DO 544 131,43
00 544 J=1,19
IF(NUCILJ) aEQa=2)GO0 TO 545
) TJ 544
545 UTCI d)=vi(Lad)=U2CI,d)=V2CI,4)=10702000a
544 CSOWTINUE ‘
JUTPUT FiLe
COWVERSIVUN TO HOURS
WN0a=ITA
NHITAT(NOS/3607)
N13Nd* 3600
N2=NUS-N1
NASINT(NZ2/ 6U)
dA3=Nii*ol
NS=NZ=N3
ARITECI2,110INOS/1iH, NMANS
110 FORMATC(//7 460X 213HRESULTS AFTeR,/
*,4. X s12HELAPSED TIMELI1XsIS,1X,7HSECONDSS /40X, 1201Xs
*3HAVURS#2X 12, 1K s 7THAIHUTES»2X, 12,1 X, 7THSECONDS)
VELOCITIES
dR1Te(12,112)
112 FORMATC(LIX 4 1HUPPER LAYER HORIZONTAL VELOCITIES (M/S:Cles/sal
*,4 {(1H=),/1)
W0 113 J=19,1,1
ARITECI2,939)4,CUT (T AI)PI=1,15)
1135 COWTINUE
ARITECI2,131)(NICID) ,11=1,15)
PO 114 J=19,1,=1
ARITEC12,132)4,CU1(1,J),1=16,29)
114 COUTINUE
ARITECTI2,133)(NLCIT) ,11=16,29)

amb gnb
ol N
-
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dRITn(1 e133)CNIC(IY) LI1=3N,43)
dRITe(12,510)
51U FORMAT(SC(/),40X,39HUPPER LAYER VERTICAL VELOCLITIES (i/SEC)./.
*,3)(1H=),1/1/) .
o0 116 J=19,1,=1
WRITEC(12,130)d,(V1(14d),1=1,15)
110 COWNTINUE
ARITE(12,131)(NICID) ,»11=1,15)
29 117 u=19,1,=1
' WRITEC12,132)d,(V1(L,U),1=2104,29)
117 CONTINUE
ARITE(12,133)(NICIY),11=14,29)
20 118 J=19,1,-1 ‘
HRITL(121137)JI(V1(IlJ)lI 3Us43)
116 COUTINUE
ARLTECI2,433)CNICIT) LII=31,43)
. ARITE(12,119)
119 FORMATC/// 17,626 1HLOWER LAYER HORIZONTAL VEILOCITIES (M/SEC)
* 0 260Xs61(1H=) 41 1)
20 120 J4=19,1,~1
ARITEC(12,13U)d,CU2(T40),1=1,15)
120 CONTINUE
WRITECI2,131)(NICID)L11=1,13)
00 121 4=19,1,=1
WRIT: (121132)Jr(U”(I'J)’1‘10129)
121 COHTINUE
ARLTE(I2,133)CNICIT) ,11=16,29)
w0 12 J=19,1,1
ARITE(12,13204,C(U2(1,4),1=3Gr43)
122 CONTINUF
MQIT:(121133)(NI(II)III 3N,43)
ARETE(12,123)
123 FORMAT(S(/)r4UXs39HLOWER LAYER VERTICAL VELOCITIES (in/ScC)
/o4l KoaT(1H=)r /1)
00 124 J=19,1,=1
WRITE(12,130)4,C(V2(1,4),1= 1115)
124 CONTINUE
WRITE(IZ2,131XCNIC(ID) LI1=1,15)
D0 125 4=19,1,=1
ARLTECI2,13200 (V21 4J),1=216,29)
125 COUTINUE
ARLTEC12,133)(NICIT) ,¥1=16,29)
20 126 4=19,1,~1
WRITe (12,1320 ,(V2(1,J),1=30r43)
120 CHNTINUE
ARLTEC12,133)(NICI) L,11=3N,43)
130 FORMATC(IIX,12,9X,1HO»3X,15(F543,2X))
131 FORMATISX,15CL2,5X),/17)
132 FORMATC(YIIX,L2,1Xs1HOL,3X,14(FSa3,2K))
135 FORMAT(1sXs14(T2,5X0 .7
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HELGHTS
JPPER LAYER DEPTH
HRITe(12,135) ‘
135 FORMATC//1/1,H80X,21HELZVATIONS AND DEPTHS»/,63X,21C10=)01/11 .
* oA, 26HDEPTH OF UPPER LAYER (M), /,40X024(1H=)0111)
WRITEC(12,1338)(NICIT) ,11=1,22)
135 FORMATC/217X022C1202X) 4/ 217X222(2H=~=,2X))
W0 136 J=12,1,~1
WRLTE(12,137)3,CIDUCLLI),I=1,22)
137 FORMATCIUX,12,1%X,1H0,3X,22C12,2X))
130 COANTINUE
ARITLCT12,141)(NICII) LI1=23,43)
141 FORVATC/sATX224CX202X) 27/ 17%X221(2H=~,2X))
D0 139 4=19,1,=1
ARITEC12,14U)Jd ,CIDUCI,J),1223,43)
140 FORPAT(IIX,L2,4%X,1H0,3X021(12,2X))
13Y COMNTIMUE
LOJFR LAYER DEPTH
CdARLITE(12,142)
142 FORMATC//1/,40%X,24HDEPTH OF LOWER LAYER (M)slsbiXs246 =)0t ] )
ARLTZ(12,145)(NICID) ,11=1,22)
145 FORMATC(/,13%X,22C12,3X) 0/ +13%X,22(2H~=,3X))
D0 143 4=19,1,~1
ARLTECTI 22,1440 ,CIDLL(ILI),,1=21,22)
144 FORNATC(SX,12,1X,1HO,3X,22C14/,1X))
143 COUTINUE
WRITEC12,146)(NICLI) »11=223,43)
140 FORMATC(/,13%,21C1203X) 27 ,13%X+,21(2H==,3X))
D) 147 3=19,1,=1
ARLTEC(12,1043)0,CI0LL (T L3),1=223,43)
146 FORMAT(3X,12,1X,1H0,3X,21(14,1X)) .
147 COITLINUE .
FLJCTUATIONS
JRITEC(12,149)
149 FORMATCI//71 +60%239HFLUCTUATIONS ARQUIND MEAN SEA LEVelL (CWss/,
*40Xs 39C1H~)» 11 1)
WRITECIZ2,1530)(NICIT) »1121,22)
150 FORMATC(/Z,17X222C1242X) 2/ 7 17X222(2H"=,2X))
20 131 J=19,1,-1
ARLTE(12,152)0,CIHFI (L ,0),1=4,22)
152 FORMAT(13X,12,1X,1d0,3X,22(12,2X))
151 COUTINUE
ARITECT12,153)CNICIL) ,11=23,43)
155 FORMATC/,17X,21C1202X) 2/ 17X,21C2H==,2X))
DI 154 J=19,1,=1
ARITEC12,155)d,CIHFT1 (2 ,0),1=23,43)
155 FORMATCVIOX,12,1X,1H0,3%X,21C12,2X))
154 COATIMUE
RZTURM
END

-
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SUBROQUTINE FTS(1l.,4)

COMMUN /ST1/1IP,IM,IXP,IXM

COAMUN /SBIH1(43;19),U1(43,19),V1(45,19);H2(43'19);Ua(43'1
*,42043,19)

COMON /S4/H12C43,19),U12€463,19),v12(43,19),H422(43,19)
*,U022(43,19),v22043,19)

COAMON /S5/NU(43,19),D3(43,19)

COAMUN /7S8/SXC4L3,19),5Y(43,19)

COAMON /S7/AS,R1/,R2/RI/RLIRS/RE/R7/RIFRS/RWXIRWY LGR

H12C1,3)3RI*CHICIP AU +HYI (IML ) +AS*AHI (L1 4J) ) =R2x(H1(1,4)
*aH2(I,d))*(IXPAUT(IP,J )=l XM*UT (IM,J))=R2*U1I(1,J)*
*(H1(IP,J)=HYI (IM,J)=H2(IP,J)+H2(IM,J))

U12CL,4)=RI*CIXP*UT(CIP,J) +IXM* UL (IM JI+ASH UL (I ,J) ) =ReH
*UTCL d)*(IXP*UTCIP LI ) =TIXi*UT (TN, J)I=RI*(HI(IP,J)=HT1(INM,4))

VI2CI,4)=RI*(VICIPLII+VI(IM,I)+AS*VYT1(T1,4))=R2*xUT(1,J)
*x (V1 (IP,J)=VIC(IN,I))

le(ItJ)-R1*(H’(IPIJ)*H’(IMIJ)*AS*H;(ltJ))“R’*(HZ(IIJ)-
*03 (I d))*(IXP*U2(IP,J)=IXIN*U2(IH,d))=R2%U2(I,J)

*x (A2 (IP,J)=H2(IN,J)=DB(IP,J)+D3(IN,J))

U22C1,d)=RI* (IXP*U(IP,J)+IXM*U2 (1M, J)+AS*U2(L1,y))=
*R22USCLI,J) *(IXP*XU2(IP,J)=IXM*U2CLH,d))=R4LEx(HI(IP S,y )=
*HY(1.4,3))=RS*(H2(IP,J)=H2(IM,J))+SX(I,J3)

V22CI1,d)SRI*(V2CIP LI +V2(I¥,J)+ASKV2(1,J))=R2xU2(1,J)*
*(V2(LP,J4)=v2(11,J))

H12€CL, ) =H12 (L ,d)+R?7*(H22(1,J)=H2(1,d))

RETURN

=M
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“BUBRQUTINE STSCI,y)

COAMON /S2709,4MsdYPLJ YN

COAMON /73533/H1C43,1) ,01C43,19)V1C45,19) 4H2CA3,19)0UcCa3,1Y
*,020(43,19)

- COMMON /S4/H12C43,19),U120463,19) o012 43,19),H22043,1%)
*,U22C435,99),v22(43,19)

COAMUM /SS/NUCL3,19) ,D8(43,19)

COMMIN /S6E/SXC43,19),5Y(43,19)

COAMUN /S7/7AS,R1/R2,RIIRLIRIIRE/RT/RLIFIRUIRWXARUYFGR

A1=SURTCCUI2CI 20 *U12CT, D))+ (VT12(L 24 )xV12C1,38)))/

* (H12C(1,d)=H22(1,4))

H1CI,d)=RI*(H12CT,4P)+H12(T,dMI+AS*HI2(1,J))~R2x(H1C(1,J)
*es 22 (1 ,d))*(IYPRYL 201, JP)ed Y xVI12CI,d))=R2xY12(C1,J)

(4T 2C1,JP)=H12CL,dM)=H22(T,3P)+H22(I,4M))

UTCI d)=R1*(UT2CI,JdP)+U12CT,JMI+AS*UTI2(TI,J))+ROE*XVI2(ird)~
* 22V 12(1,3) % (UI2CT,JP)=U12CL,JM) ) +RUX/(HT12(L 3 )=H22(isu))=
*#RI®AT*A3S(UTI2(T,Jd)=U22(1,J0))

VICIA0)=RI*CJYPRVI2CI,JP)+JYM*VI2(T,IMI+AS*V12(I,Jd))=Ru*uld
xR 2. VI (T, %(JYP* YT 201, dP) =y Y MaVvi2¢1,30M))=RI*(R12(1, 4P )=
*d12CI, M) +RUY /(A1 Z2CL,J)=H22(1,d))~RI*AT*ABS(VI2(I,JJ)=v2c(I]

A23SURTC(U22 (I 3)%U22C 1, d))+(V22CL,0)%*V22(1,J4)))/
*(H22(1,4)+03(1,4))

H2CI,Jd)=RT1*(H22(L,JP)+H22 (1 ,4MI+AS*H22(1,4))
weaR 2% (HE2(1 ,J)=0B Il d))*(UYPRV22CI,JPI=JYN*V22(1,J1))

*eeR2x Y22 (L ) *(H22(1,4P)=H22(L,IM)=D8(1,dP)+D3(I,JM))

J2C1,d)=R1%#CU22C1,4P)+U22CI,Jdli)+AS*U22(CL,J))+R6xV22(iry)
weeR IN Y2 (L ) *(U22(T,JP)I=U22CT1,dN))=R3%U22(1,J)*A2
weaR [* A2 % AUS(U12(1,0)=U22(1,4))

V2CI ) =R1x(JYP*VZ2(L,JP)+JYMXV22(T,JH)+AS*V22(1,J))

*mRow Y22 (1,d)=R2*V22(1,4)*(JYP*Y22(I,JP)=JYi*xv22(1,48))

wmR4x (H]Z2CI2JP)=HA2(L »I M) )RS3 *(H22CTI,JP)=H22(L,JH))=Rc*n2

*wy 22 (I, ,0)~RI*A2*xAGS(VI2(I,0)=v22(L,4))+SY(1,J)
3=3QRTCFLOAT (I **2 (+FLOAT(J=4) *x2,)

u2=(n1=8)/31 .

H1CI,0)=HI(I,u)*R72(H2(1,J)=H22(I,J))=GR*32/17232,

RETURMN ’

ciNY 1
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“FUNCTIUN KNTD(I1,J1)
IF(I1.EQa=2)G0 TO 131
IF(J14EQe=2)30 TO 182
HYJ=4
GQ Tu 19U

132 NTu=1
a0 TU 194
131 IF(J1aEGe™2)G0 TO 133
NTo=d
GO TO 190
183 WTw=3
191 RETURNM
Ly

TSUIROUTINE RESDUMPCIEN)

COAMON /S3/HA1CAL3,1D) ,UTCL3,19),V1C43,19) 442043 ,1D)1U(43,1y

*pV2(43,19)
cOAMON /S4/H12C43,19),U12€43,19),v12C43,19),H22C43,1Y)

*,U0220435,19),V22C¢43,19)

COAMUN /SS5/NUCL3,19),DB(43,17)
ARITEC13,709)1IEN
700 FORMATC(/,20Xs1 7HEXECUTION NUMBER=,1X,13,/)
00 701 I=1,43
ARITE(T1Z,702)YCU1(1,3),4=1,19)
7G1 COATINUE
00 763 I=1,43
ARITEC(I3,702)(V1(1,0),4=1,19)
7U3 COdATLNMUE
20 744 I=1,43
ARETEC13,732)CU2CL,d),4=1,19)
734 CONTLINUE
p0 705 I=1,43
WRITZ(13,702)CV2(1,0),4=1,19)
705 COATINUE
702 FORMAT(1X,19F643)
vn 736 J=1,19
WAR AT (13,707)(NUCL L), 1=1,43)
7do COATINUE
707 FOIMAT(1X,4312)
IETURN
ENV
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APPENDIX IIT

NUMERICAL RESULTS




R

VELOCITY FIELD IN THE ABSENCE OF WIND

Sea Level Difference 10 cm

Interfacial Elevation Difference 12 m

116
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VELOCITY FIELD IN THE ABSENCE OF WIND

Sea Level Difference 16 cm

Interfacial Elevation Difference 12 m
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VELOCITY FIELD WITH WIND BLOWING FROM SOUTH-SOUTHWEST
WITH A SPEED OF 20 M/S

Sea Level Difference 8 cm

Interfacial Elevation Difference 10 m
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VELOCITY FILED WITH WIND BLOWING FROM SOUTH-SOUTHWEST

WITH A SPEED OF 20 M/S

Sea Level Difference 24 cm

Interfacial Elevation Difference 12 m
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VELOCITY FIELD WITH WIND BLOWING FROM NORTH-NORTHEAST
WITH A SPEED OF 17 M/S

Sea Level Difference 16 cm

Interfacial Elevation Difference 12 m
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VELOCITY FIELD UNDER WIND BLOWING FROM NORTHEAST

WITH A SPEED OF 13 M/S

Sea Level excess 15 cm

Interfacial Elevation Difference 12 m
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