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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
gelistirilmistir,

Marmara denizinin iki katmanli akinti sistemini ortaya
¢i1karabilmek di¢in, iki katmanli, zamana bagimli ve diisey
eksende entegre edilmis bir model kullanilmistir. Modelin
dogrusal olmayan kismi diferansiyel denklemleri belirtik
( explicit ) bir sonlu farklar yontemiyle ¢6zilmis, hatalarain
kontrolii ve dogrulugun artmasinin saglanmasi i¢in, bir yerel
integral yontemi uygulanmistir.

Ozellikle, kuvvetli riizgarlar altinda akinti ve su

seviyelerinin hesaplanmasina Onem verilmistir.
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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, wvhereas 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 used - in
planning a coastal construction. Modeling of storm surges to
predict maximhm water~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 ayuseful 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 wused 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 1its 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 uppef and lower layers.,

The foregoing study is tﬁoughtAto 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.



IT. 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 like finite
difference and finite element methods. But even then, the
handling of the 3~D equations is very complex and time
consuming., This has neéessiated 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 1in 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 1is
representative. of all vélocities 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

dh a(ud) _ ga(vH)
‘atsk % + gy x 0

(2.1)

The equation of motion ( longitudinal direction )

%%+U%%.+V%-fv+gg—%+w+330 (2.2)

A ” P

The equation of motion ( lateral direction )

%% e Uai + V%% + U + g%% + W+ Bx O (2.3)
A 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 }s
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/Qt and dV/Qt 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 1limitations 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(ﬁ) 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
example. Reid and Bodine(7) mcdeled 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 their 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
certain 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 <c¢irculation in harbors was developed by

(14)
Falconer o

Depth~averaged models have also been used for water

(15)

qualicty 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(l), 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 vertical
direction The density differences between the layers are
caused by differences in temperature, salinity or suspended
matter concentration. The 1layers are separated from each
other by intermediate regions wvhere 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(l7). 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 1lake which showed
thermal stratification. They used a hypothetical lake with
arbitrary bottom and shoreline configuration. Their model
was a steady-state one and convective terms vere
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 gqualitative

conclusions could be drawn. The interface slope was found to

be greater than the free surface slope by a factor ofAf/§
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(AS =density difference between the layers, 5 =mean density).
Magnitude for surface currents was 1less 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 al(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
solvgd by wusing explicit <central differences. Unlike
in(1 ),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(21) 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 and bottom stresses were formulated as quadratic
equations., The solution procedure was the method of
characteristics.

s

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(23)developed a two-layer model of the
Bosphorus Strait. They neglected 1lateral 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
layers. 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 Taiwam Strait by
Yin and Chen(24). The model was designed to predigt 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
(25)

instabilities in certain schemes, Benque et al ,

however, have shown that convective terms are important in

(5)

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, if 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 formulations, When turbulence is accounted for in
the equations of fluid motion ( which is always done except

for the case of laminar flow which 1is 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 eduations; the set inciudes 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 formulations are used
and these employ friction coefficients the adequacy of which
is not known for modeled systems.

For two-layered flows, mixing bacross the interface

creates problems., Mixing is usually neglected and it is done
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not to render the problem more difficult, In some cases,
especially for high shear flows, mixing 1is 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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IIT. 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 1in suspended matter concentrations 1in the
vertical direction (Figure 3.1.).

sea level

>density

lighter fluid
layer

‘\Qermédiate layer

heavier fluid
layer

¥ bottom
depth

Fig 3.1. Denéity profile 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£ical density gradient is continuous are
not uncommon.

The intermediate layer 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, usually 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 lake or
reservoir, often give rise to underflows by plunging under
the relatively clean and light 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 simplest

' (26)
case. A thorough treatise may be found in Streeter .Three
chapters devoted to the study of salt-wedge behavior in
(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
‘ (u,-u,y)

F (3.1)
where
ul.u2=velocities of upper and lower layers
AS =density difference (fz—fq)
§2 =lower layer density
fl =upper layer density
S,y =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 layers and differ from surface waves by
their much larger 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 layers. The mixing by entrainment is a one-way process
where there is a flux of mass from the less turbulent layer

(29)
to the more turbulent layer ( Carstens ).

Diffusion 1is a type of interfacial mixing. Molecular
diffusion 1is 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 1is 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 latter
found out that the coefficient depends on these numbers and
also on the relative8density difference between the layers.
Abraham et 31(2 ‘ conclude that the interfacial shear
is influenced by turbulence both at the interface and bottomn.
They expressed the interfacial shear by a quadratic equation,

which is the most widely wused one. Their friction

coefficients, however, are highly empirical.

29
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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 accessl and 1is 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 length
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 southern
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 Kapidaj
peninsula which formerly was an independent island but now 1is
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 1is, but,
very narrow, rarely extending behind 10 kilometers. In some
places, within a few kilometers, depths as great és 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 1in 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 1is 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 1laid 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

3 (23)
water in the amount of around_BOO km /year . The excess
water is lost, as a result of sea level differences, through
the straits and the Marmara Sea to the Mediterranean.Sea 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.
(23) .

Simer and Bakioglu have found out, in their model of
the DBosphorus 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 1s some controversy on the behavior of the
underfiow¢ It is <claimed that the wundercurrent 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 1layer to high speeds, may even cause the 1lower

(33)
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
(34)
has been confirmed by surveys . 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. Apart
(35)

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 layerihg in the sea.

A A A A A ad

upper layer
(Black Sea water)

pycnocline

lower layer

(Mediterranean water)
AT

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
February, 1982, will be examined(36). 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 Hoskdy on the Thracian
coast and the Marmara island. The depth at the station is 140
meters. Measurements of temperature and salinity have Dbeen
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
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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. In 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 watér 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 1is the layer occupied by Black Sea
water. The bottom layer is occupied by Mediterranean water
which 1is 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 arcund 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.)



31

15 17 19 21 23 25 27 28 density (&, )
'y n & e N 4_>

10

20

50 p

75 )]

100 | :

depth (m)
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Table 4.3. Density versus depth at station 18

Depth (m) Density (kg/mB)

0 1019.23

10 1019.23

20 1019.52

30 1020.38

50 1028.46

75 1028.64
100 1028.76

It is clear from the picture that the increase in
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 Jlowering
effect of the temperature is greatly offset by the large
increase in salinity.

This layering 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 1in 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 minimum
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 ©
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(BS). 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 4increases 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 upper 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 1in 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 1layers
(around 87% ) 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
§ =1019.28 kg/m

1 3
§ =1028.65 kg/m

2
h =25 meters

1
h =300 meters

2

-5

the densimetric Froude number comes out to be 8x10 . 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 1lower 1layer 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 rto
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 1in 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 1is
reduced to two dimensions by eliminating the vertical coor-
dinate and velocity component.

iii) The intermediate 1layer is assumed to have no
thickness, The layers are separated by an interface.

Each two layer system has an intermediate region between



39

the layers as outlined in chapter 3. In some systems, this
layer has a thickness comparable with those of the others. In
numerical modeling of stratified flows, however, Fhis
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)developed 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 1s very
limited. Davies, in his calculations, wused arbitrary eddy
viscosity profiles the applicability of which 1is 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 leads 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 wuse of the mixing concept necessiates the
introduction of new variables and equations, besides

(D

diffusion <coefficients . For the Marmara Sea, the



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
Jjustified.
5.2. Governing Equations

Figure 5.1 displays the variables used in the equations

of the model.

sea level
Uy, M Th1
interface
uz'\{z hl
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 is 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 h h
G- 282 - Blng - ng) + u(@R

AL dhy
§-(hl - h2) + VI( Iy

th)
- ax
_dhp

0 o1
s e (5.1)

The equation of motion ( longitudinal direction )

duy duy duy _ dhy
fﬁ? lax vla fvy + gax
Tyx Tix1 + 0 (5.2)

T Pl(m - hp) | Si(hy - hg)

The equation of motion ( lateral direction )

ahi
ay

%%? + ul%g} + Vl%rl + fuy + g=—=

_ Tay + Tivi
$1(hy = hp)  F1(hy - ny)

Lower layer

The equation of continuity

QE_ auo(hz - hg) + uz(ggg _- QEQ)

at dx ax ax

9¥2(ho — n v (802 _ Ohg
+ Gy (h2 = ho) + valg® - =2

(5.3)

20 (5.4)
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The equation of motion ( longitudinal direction )

guo au2 . au2 571 adhy (5)1 - fg)_ahz
-—T o+ uz—a—}'{— 4= VZET - fv + g?'z'c“a—)':; + & 5;2 . ax
Tox fixe 5o (5.5)

T Zp(hs - ng) | Fa(ng - ho)

The equation of motion ( lateral direction )

av av av £1any . ($1 - 5p) anp
?ﬁ? + uz?rz + VZEE? + fug+ g ?— g~—%§z——3—.ay
+ Toy Tiy2 i O (5.6)

Jo(hg - ho) | Falhz - hg)

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

(1)

Leendertse presented the same equations, with no
convective terms however, and a combined friction factor.
Lai(é) presents 1-D equations with convective terms.

-?l and\yzare the densities of the upper and lower layers
respectively. They have ©been obtained from the tables in
Appendix I. as 81=1019.28 kg/m3and vf%=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 is small to be
negligible and the coefficient is assumed to be constant. For
the Marmara Sea, this coefficient has been computed from the

‘ (40)
equation below ( McLellan ).
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f s 2.M,sin6 (5.7)

where
f1= angular velocity of the earth
© = latitude
N is 0~729x10-48ec and for the Marmara Sea, the
latitude has been taken to be 40" 41 . Using these values, the

-4
Coriolis coefficient comes out to be 10 sec .

5.3. Shear Stresses

TysTi,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 . Clz) . V(2)? (5.8)

where
£

C(z)

mass deasity of air

wind stress coefficient

V(z)= wind speed at height z above water surface



Ll

It 1is convenient to fix the height to ten meters and in
evaluating the wind stress, the velocity of the wind 1is

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

©(10) £ 5.2x 1077 . V(10 (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

b2k

Ts 6.,7x1077 .V (5.10)
This vector 1is decomposed 1into 1its components as
follows.
T 2 6.7x107% . v3* | sin e
T = 6.?){10_4 L VR 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

2 hy 2
T, s K Wf (u, - uy)t e mxb K us (5.12)

where
ul,ufvelocities of upper and lower layers respectively
.?nl =mean density
hy =thickness of upper layer
hp =thickness of lower layer
K;+Krshear 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.

(20)

Hodgins et al 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.

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

the interfacial friction coefficient,

The value of the interfacial friction coefficient 1is
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difficult to determine. All measurements rely on laboratory

experiments and their applicability to real hydrodynamical
(31)
systems is doubtful. Dermissis and Partheniades y -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.

YoCu, - a0l - vE )OS

- n -
Tixm"’fm"XlO 2 1 m m

(5.14)
mn

. ( v, =V )-(u2 - v2 )0'5

Tim® Sy %10 ) £ - v

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 = f} g Uy, L ug - vg )0+5 /. c?
( 5.15)
0. ‘
Tby ,~?2 g vy ug - vg ) 5 / c?

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 dimplicit and explicit methods
applied to estuaries and coastal seas. Dronkers(IO)has
discussed several finite difference schemes for tidal
computations 1in 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 1in 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

(20)
et al for their model of the Fraser River estuary,
(24)
employed explicit central differences, Yin and Chen 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 tidalymotion 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 land

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.

¢) 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
o (o, - 9.,y ) / 2ex

(6.1)
%%‘3 ( qi,j—l - qi,j-l ) / 2Ay
where x and y are spatial increments.

Thus the derivative of a property at a node 1i,j 1is
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 wused. 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

forwvard difference.

n+l n
%% | ég; q (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

I+1
E%.: ( ™t E%gjqnds)/zrt (6.3)
I-1

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(4§§uncation errors 1in the numerical integration

(Yenigun Y. Further discretization of the local integral

yields the following finite diffderence form for the temporal

derivative
. ag n+1l 1 n n n
5 T ( aq -3 ( Uye1 * AqI *q7_q Y / at (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 LIt
has been found out that thé 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 Yo

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 ( Yenigiin , 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 is <carried out only in the x- direction. The

excplicit formulations are as follows:

First half-time step n+l1/2

n+l/2 s At

n n n
by 105 e )00y ga1,5 AN 4,5 ¢ By i,y )

At n - n no . - ul ) -
(£ )0hy 5, 5= 0,55 00U 501,35 = W1,4-1,5 )

n

( At .
1,1,

n n n n
T ( 0y 541,35 ~ P1,i-1,5 - N2,1e1,5 = P2,i-1,3 )

(6.4)
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n+l/2 at n n
SUEIE LN v R A RS B L LR U, i.1,3 ) "
At n n n
(o oy 5,5 (U1 4a1,5 - B1,401,3 ) -
At B n - nt .
(QAX )“1.1.3 g( Dy a1, 7 M1,i-1, ) (6.5)

n+l/2 At n n
vi,55 ¢ Camm 0 0veie, 5t AeLa,5 t Vi, ) T
At n n
(ZALX )ulvioj ( vlpi*l.j vl,l-l,a ) (6.6)
n+«1/2 Ot n n n
hp,iv5 ¢ Cxmz YU M2,0a1,5 * AP2,4,5 % P2,ue1,3 ) -
(2% )(n? noo (ol ul ) -
2% 2,1, ] 0,1, 2,1+1,3 2,1-1,]
At n n n n I ¢
Comx M2,1,5 CP2iie1,5 7 P2,i-1,5 = Do, i1, 5 Mo,i-1, 5
(6.7)

n+1/2 At n n
upy s O 00 ga, 5 A% 505 % Y 5m0,

At n , n
( 20X )uzsivj (
n

(2L e/ 8 (0] g 5= 0] 50,5 -

( -2%% )g((‘?2 »fl)/§2)( hg,i+l,j - hg,i-l'j ) (6.8)
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n+l/2

n n n _
Va,i,3 = (AU/As2)( vy g 5% Avp o 4 V5 51,5 )

n

n
i (Vo 541,35 = V2,i-1,5 )

( At/ﬁ.ﬁx)vg'i'a

(At/20)g()/ £,) 0nf () s =D () )

(Ae/2bx)g((£5= 1)/ 800G (3 s = )iy o)

(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+1/2 nel/2
PR @ 77 e v At v TR

n«l/2 n+1/2 n+1l/2 n+l/2 _
Cat/2b0 Cnyp 105 - 3ty JOviilha - Vi 5-1 )

( At/%&%)vn¢l/2 ( p*l/2 pa+l/2 pn+1/2

- - n¢1/2 )
laisj 1oiﬁj+l lli'j'l,

ziilj-i * hzai-j'l
(6.10)

n+l n+l/2 n«l/2 .. n+l/2 _
ul’igj 3 At/a+2)( ul,i,j*l + Aul,i,j **ul’i’j_l )

n+1/2 n+l1/2 n+l/2 n+1/2 %

ROV N e T

( cont..)
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VYR ANt AR (6-11)

Ty r v e -
Con/anviiis c il - il - i s -
e O N R B
2 A/ 8 ?’i/i hgf}/i ) (6.12)

i o (AvmR il e adS ) -
( ar/28y)( h?i./? - h8+i/§ ) 2”1/‘3}1 - Vg‘i/i-l ) -
Con/avr il Cngril - ngr /e - g5 - 2 )

(6.13)
fhy e ouan ORIl
oS B R0+ oY b
R s SO - EYS -
Y SO Y e
I R O IR R

* - +1/.
(Be/2by)e(5/ 8 ) nfti/2 - i l2 ) e a

(cont..)
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(at/20y)g( (85 -8 /9,) ¢ 03T/ - nD* /2 L)
T (a0)/8, (W52 w2y
8432 (on)/g, ( npTH/2 - w12 (6.15) -

At this second half-time step, the integration 1is
carried out for the y-direction.

Thus the iteration process from time step n tc time step
n+l 1is 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 dincrement t is bounded by an upper value
which 1s obtained from the Friedrichs-Courant-Lewy stability

(43)
condition which has the following form

1/2 At
(2gi, )2 AL <y (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 tﬁo 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,

by i-1,35 2 Mmi,j
Up,i-1,3 © Um,i,j : (6.17)
Vo, i-1,3 ° Vm,i,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

B, i, §+1 ® A, 1, 3
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1-1 i i+1

v*

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



um,i,jdbl 3 um,i,j (6.18)
Ym, i, 3+l 2"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 entrances of the straits., Inflow and outflow occur at
these boundaries.

It is 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 upper 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 1is given at the outflow, at the
2
entrance of the Bosphorus Strait.

In most numerical models, tidal variations are spekified
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
IT ) 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 Univérsity ) 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 layer in the Marmara Sea is driven by the
wind and sea-level differences between the straits. There
obviously exists a flow due to horizontal demnsity 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 boundary
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 Qithout
wind forcing. The velocities at the boundary nodes were
specified based on data from a regort prepared by the Seyir
Hidrografi ve Osinografi Dairesi(4 ). The data, however, was
not time~dependent and the location 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 led to
increase due to the roughness of the sea bed.

The interfacial slope, however, constituted a weak
force to establish a flow in the lower 1layer. 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 layer
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 1lower
layer, the term which stood for the effect of the upper layer
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, is 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 wupper layer circulation in the absence of wind is
governed by the sea-level difference. 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 ghannel,
gain 1in 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 southern 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 calibrationm 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 1is frequently subject to strong
winds from the south (lodos). It has been observed that on
windy days(z:,)’3 waters pile up along the northern coasts up to
one meter ). 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. In
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 seéond 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 arcund 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.
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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 bottonm
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 upper
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 incfeased by approximately
threefold. Moreoyer, 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 28 55 QO
LATLTUDE 40 S4 36

CORRESPONDING GRID LOCATION
2610211982

LETL OF SAMPLING
WAKIMUNM JEPTH (1) 79
WIWD : :

DIRECTION 210

SPEED (11/S)Y 3.605
PRESSURE (ABARY 1060
TEIOPLRATURE (C)

DRY BULB. 9.9

WET BULA 97

JEPTH (B) TEHPERATURE (C)
U 6.15
Tu 6.b4

?‘J 8-86 -
3¢ _ 13.84
Su 1540

STATION NUMUER 2
LOWGITUDE 28 55 54
LATITUDE 40 45 0N

CORRESPONDING GRID LCCATION
2610271932

VATE OF SAHPLING
FAKIMUN DEPTH (M) 970
W14

DIRECTION 21N

SPEED (M/S) 1,030
PRESSURE (MBAR) 1000
TCIPLRATURE (C)

DRY BULB 9.8

WET BULB 7.4

obeTH (M) TFHPERATURF )

U 6,95

7 L0
14 6a66
2u 7a55
3z 15645
50 ' 15021
6o 1516
100 14,95
136 16.81
&04 14,58
25U 14,64
420 14,40
.JEL - 14-"‘3

(355,15)

SALINITY (PPT)
20,264
224,572
27.111
35.88¢2
33,377

(35,12)

“SALINITY (PPT)
22,6440
23,4775
24,183
244856
38,166
38,4456
38.5U1
38,548
334595
33,554
384,565
38,562
3345061

¢EnSITY (KG/M3)
1615.,97
1W17.73
1v2ia. 0l
1L20- SU
1ulo0adU

vEWSLITY (KG/M3)
AL17.75
1U10.4‘0
10ilce99
1U19.‘2
1620.33
1.204 60
fv20.65
1020374
1udse 77
12082
1u23. 80
1“20.87
10205 (=



STATION NUMBER 3

LONGITUDE
LATITUDE

CORRESPONDING GRID LOCATION
AMPLING  26/027/1982

DATE OF S
HAXKLIMUN O
Wliid

29 10 00
43 45 12

EPTH (1) . 1100

DIRECTION 240)

SPEED
PRESSSURE
TEIPERATU

ORY BU

WET du

vEPTH ()

¢

‘o

17

20

4o

60

8u

129

17¢

2iu

436

520

{13
STATION N
LONGITUDE
LATITUDE

CORRESPUNDING ‘GRID LOCATION .
ANPLING 20/4271932

BATE OF S
"HAXIMUA D
WIdDd
DIRECT
SPEZED
PRUSSURE
TEAPERATU
ODRY B8U
WET 3U
JEPTH (1)
[
iU
20
30
LY
Te
9y
14as
196
297
3%0

495

(M/35) 1,020
(M3AR) 1001

RE (C)
L 10,0
L0 a5

TEHPERATURE (C)
6481
bbb
7.7

10.25
15.45
15.16
14,94
14,72
14,62
14442
14461
14440
14,64

UMBGER L
28 55 36
40 42 12

EPTH (M) 719

[oN 260
(H/3) 515
(nBAR)Y  10fi2
RE (C)

La 945

L3 745

T@HPFRATURE (<)
6a535
6,83
6455 -

15438
15,39
1505
1489
14.75
14462
1hatt
14443
14440

$39,11)

SALINITY (PPT)
22,973
23,076
25.1006
30,0483
18,256
3344865
384533
33.531
353.556
334553
58543
364565
3845406

(35,100

SALINLTY (fPT)

Ve ae s S G G D W O e TR

90

VENSITY (KG/MJS)

1U10003
1uloats
1vl1Y.59
1u2s.10
1020.40
120464
1U20473
‘b20.77
1u20a. 38U
1L20.806
1u25a85
1“20. 87
1“20.85

vENSLITY (KG/M3)

L1721
1u16425
1619.,02
1u2d.19
1020458
1u206 71
1026470
1U20.79
fu20.83
1uU20.88
1L23.86
1uds. 87



STATION NUMUER S
LONGITUDE 237346 30
LATITUDE 40U 26 SO
CORRESPONDING GRID LOCATION (3U.US)
DATE OF SAMPLING 27/u2/1982 .
RAXIMUM DEPTH (M) 49 i
WIHD
DIRECTION 75
SPEFD (M/S) 2515
PRESSURE (MODAR) 1006
TEYPERATURE (C)
DRY BULB 7.4
WET BULB 6,0

VEPTH (M) TEMPERATURE (C) SALINITY (PPT) GENSITY (KG/M3)
0 7.23 22,750 1017.31
. 10 7.36 24,307 101v.01
2u 9.89 294630 1L22.81

3u 13,22 © 346,923 T 1020631

STATION NUMBER 6
LONGITUDE 23 36 07
LATITUDSE 40 37 07
CORRESPONDING GRID LOCATION (30, 8)
DATE OF SAMPLING 26/02/1982
MARIMUM DEPTH (M) 393
WIiD
DIRECTION 180
: SPEED (M/S) 1,030
PRESSURE (MBAR) 1004
"TEAPERATURE (C)
DRY BULB 845
WET BuLs 7.0

JEPTH (H) TFMPERATURE ) - SALINle (PPT) bERSLITY (KG/H3)

U 6s51 22,737 1ul7.87
9 . 6.67 23,611 LAY LS
19 6.90 264782 L1943
29 10,93 32,487 1024485
Lo 156510 334433 120452
73 15939 38,530 . 1Uu20669
97 1495 384541 1U26.73
160 16.76 38.551 1u20.78
19@ 1‘#356 385557 1b20l85

24 1":‘06 36.55‘ . ’ ‘UZO.BS



STATION NHUMBER 7
LONGITUDE 28 36 36
LATITUDOE 40 44 06
CORRESPONDING GRID LOCATION (30,11}
UATE OF SAMPLING 26/012/1982
HALILMUM DEPTH (M) 720
Wlip

DIRECTION 225

SPEFD (11/53) 1030
PRESSURE (MUAR) 1003
TEUPERATURE (C)

DRY 3ULB 74

WET BULG 6,0

VEPTH (M) TgHPERATURE (¢) SALINITY (PPT)

L ' 676 234393

9 663 23,023
1 6alk 2ba816
23 15435 37.883
by 15.53 33.4u9
71 15.32 384,499
95 15.07 336537
14¢ 16,79 : - 3384568
1%u 14,719 38.5638
28¢ 1448 38.557
575 - 14041 384,562

dEPTH (M) TFMPERATURE <) SALINITY (PPT)
(] 6.27 214555
fu 6420 214543
2u 6.70 2345856
k{7 7.%0 254249
Sy 14,74 37.%37
79 1538 38,465

STATION NUMUER 8
LONGITUVE 23 36 30
LATITUDE 41 53 48
CORRESPOND ING GRID LOCATION (3u,14)
DATE OF SAMPLING 23/u2/198¢
HALINMUM DEPTH (M) 174
WIub

DIRECTION 40

SPEED (M/S) 64130
PRESSURE (MBAR). 1006
TEJAPERATURE (C)

DRY OULD 97

WET BULB 945

92

VEWSITY (KG/M3)

ftut7.50
101509
1ulya 48
1020013
1uise SV
1L26.61
1\‘2(’- TU
102679
1026.8‘)
1u26.85
1u20a.35
1U20.87

VEWSITY (KG/M3)

150 15.00 38.552

1ulu.97.

110,97
1010.73
1WivY.75
1U20a 44
120457
1“20.6’0
fulse.?73



STATION NUMBER 9

LOHGITUVE
LATITUDE

CORRESPONDING GRID LOCATION
VATE OF SAMPLING

28 17 36
40 S4 N6

HAKINUM DEPTH (M) 3us

Wino

DIRECTION 40 .

SPEED (M/S) 3.,24N
PRESSURE (MUAR) 1ing
TEMPERATURE (C)

ODRY OQULY 9.7

WET BuULB Y5

wEPTH (M) T?HPERATURE <)

U be7h

b 6e7 3

1o 6490

27 6806

b 15.47

67 15.21

9, 15.02
133 14 .31
176 14460

STATION NUMBER 10
LO4GITUYCE 28 17 nO

LATITUDEL
CORRESPONDING GRID LOCATION
DATE OF SAMPLING

40 46 30

MAAIMUS DEPTH (M) 510

WiiDd

DIRECTION 04

SPEED (M/S) 2.575
PRCESSURE (MuAR)Y 1006
TEMPERATURE (C)

DRY BULB 7.0

WET BULD 6,

VEPTH (M)

0 ne @D EB G @ € En BD

u

¢
fo
24
Ly
6
81
125
165
5L

TSHPERATURE 4]
6665
6.7\)
64”0
6o78
15650
15430
15.n2
14085
14,69
14,69

23r702/1982

(25,14)

SALINITY (PPT)

234539
23,593
2ha16%)
254905
534393
38,559
3484597
38,623
38,597

(24,11)

27/u211932

SALINITY (PPT)

VENSLTY (KG/M3)

R Y]
1‘-10-5'{
1L‘0.95
102U.32
fu2o.ou
1“20-66
tul2oa7s
1u2u.82
1uloa85

vENSLTY (AG/M3)

23.304
254000
25,630
254729
33,146
33,017
33.6U3
33a.0612
38,659
33,639

1.138435
1ulya 6l
tu2ueit
1u2u.19
1ul0e33
1u20.71%
1020.76
1v20.31
1ucoa.88
1b20.95

. '//-‘

23



STATION NUMBER 11
LOWGITUBE 23 16 54
LATITUDE 4G 37 13 .
CORRESPONDING GRID LOCATION 24+ 8)
VATE OF SAMPLING 27/02/1982
AALLRLUM DEPTH (1) 70
wldb

DIRZCTION 9

SPEED (M/S) 2.575
PRISSURE (HMuAR) 100¢
"TEAPERATURE (C)

ORY QUL 75

WET BULB 6,1

~

E°Th (H); TEHPERATURE C) SALINITY (PPT) vEnSLTY (KGs.
U £a57 234259 fulo.28
id 7.00 Qbab12 1uly.13
3U 6-?'0 559117 ‘U"’.?u
3u Vel 30,531 125,60

Su 15,59 33e441 1u20s52

STATION NUMLER 12
LOMGITUBE 28 17 36
LATITUDE &u 27 1D
CORRESPUNDENG GRID LOCATION (25,7 5)
DATE OF SAWPLING 27/0u2/1948¢
wAAIMUM DEPTH (M) 5N
Wlib

PIRECTLON 28

: SPCL3Ip CA/S) «515

PRLESSUIE (MUAR) 1605
TEAPERATURE (C)

DRY JuLB 9.4

HET BULY ?-b

JEPTH (it TEMPFRATURE €O) SALLNITY (PPTYT) wENSLTY (KG/RK3)
U .75 , 224349 B 1017.94
1u 6,96 £5.033 Tulve b2
zu 6u86 250511 1020.0]

3L 11733 354913 1u22.8u



STATION NUAUSER 13
LONGITUDE 23 57 s
LATITUDL 40 37 Mg
CORRESPUNDING GPID LOCATION (19,u8)
VACE OF SAMPLING 2740271982
LAKTIMU A oL2Td () 23
wldD

DIRECTLION on

SPEED (4/S5) 1,030
PRCSSURE (MBAR) 1007
TEAPLRATURE (L)
ORY DULY 11,u
WET Ly 8.0

JErTH (1) TﬁnPERﬂTUPF (C) SALINLITY (PPT) vENSLITY (RG/M3)
P 701 23,205 1Ll0e 65
10 . 7.15 cbhazid 1u1Y.43
2u 7449 25,759 1uduels
3u 14.74 3Ta694 1ui?.97

STATION HUMHER 14
LOASITULE 27 %8 3o
LATITUDE 40 22 4%
COIRESFUNDING GPID LCCATION (19,.11)
BATE OF SAHMPLING 27/02/1932
HALIMU4 DEPTH (M)  1GaN
Wwind

DIRECTLION L5

SPLEuw (WD) 10,3
PRESSUIE (lsAR) 1007
TEAPLRATURE ()

DRY ULy 9.5

veT BULY 7.5

JErTH () TENPFRATURT (C) _ SALINITY (PPT) VENSLITY (KG/M3)

U 'o6.74 264615 L1710

Y] 669 cb,532 Tuiv.26
iy 0:01. ﬁjn"‘\: 1U19.90
26 2,12 c7e915 T 1u21.73
‘7{ ‘4‘5030 JS-""? 1UZO.55
71 . 15.11 5349535 L2204 69
95 14605 384593 VL7 N
194 {601 33,9500 1uL20.8¢
<3y 14 .45 33,552 1L20.83
476 144,42 . 33,343 162068y
sTo 16 .42 3345061 1L2ue o
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STATLION HUMGER 15
LOGGITUWIE 27 5% Ou
LAT1TUOL 4y 52 %
COREESPUIL YNNG GRID LOCATION (19.14)
VATE OF SAHMPLING  2%/u2/1932
mAALMUY DLPTH (1) 1130
LWIdD

PLIRICTION 74

Si'cp (M/8S) o G0
PRUSSURE CAUAR) 1405
TEAPERATURE (C)

DAY duLd 1.5

WLT uvdlLd 5.C

wteTa (0 TCLUPTRATURT (C) SALLINLITY (PPT) vENSLTY (KG/M3)

o 0 bm b e on b 8 e 0 o e e ———— o o e S

U P Lha94) 1vive b9

" 7.12 . Lha912 1L17.91
16 700 PR | L1y 57
21 T1u ¢leswul Twiv.97
34 15431 56,014 1uiéuelé
5o : 15.32 534493 1u2we 61
bo 15,19 584,525 fuvioeto
10y 14 .02 53,502 1L20.795
P61 14.75 334551 1ulua 79
17 16,58 2de 540 1u2ua o

STATION NJUUWUER 16
LOWGITUDE 27 3% 3o
LATITUDE &G &6 42
CORRESPUNDING GRID LOGCATION (14,31 1)
VATE OF SAAPLING 2370271932
MARLEUY VEPTH (1) oul
WIdD

DIRICTION L5

SPEED (17S) 4,300
PREISSURIL (MuAr) 1o
TEOAPLRATURE (C)

PRY oulLu 5.0

WET duLy 5.0

sErTie (i) T;HPER&TUR( Q) SALINITY (PFT) vENRSITY (KG/M3)

i ) 6,72 24,222 Tul7.0¢

Y 0eh 3 44.21\.‘ Ll 7a0%

1( ' fio?” 24.277 1U1’/.UO

2&; 7.17 di.}"g 1‘-19555

4w 15-42 33.202 1020.41

O? 15.‘!(" 3005]7 1Ua¢.65

3q 15,09 3643503 TL3ua92
'[77 ‘5.65 .53.&24 1\420.’00

551 15.59 56-0:5 IUZOQBQ



sTaviuw

NUSBER 17

LONGITUDE 27 33 3

LATITUDE
CORRCSPONDING GRID LOCATIUN
231492/193¢

vATLE

SAMPLING

Lu 52 06

BAAILUM DEPTH (1) 1040

wIgn

DIRFCTION [

SPeIv (Ms5) « 500
PRISSURE C(HuAR)  1nng
TEOUPERATURE (C)

DRY SJLu 7%
HET viLg 5.C
PTG TFRPIRATURE (C)

Y
1o
27
L5
657
2y

135
153
Te
405

STATION
LOUGITUDE
LATITUDE

LORRESPOUDING LRID LCCATION
UATE OF SANPLING

O R A DB W L G EBS S0 e e g

Cannd
e
56505
776
15.23
15.20
15 .04
14,36
14,63
14,510
14 443

NUHBER e

2t 5 Su

Gu 40 13

JAAITHUA DePTH (V) 149

wlaD

PLeZCTION L9

SPETY (1M/S) 64150
PRESSURL (Auar) 14008
VEAPZRATURE (C)

DRY JULY R
BET dukd 5,0

PreTH QN
L
e
-
s bs

3.

‘v

75
10

X

TELPLRATURE (C)
il
720
7.1
Oen 2
717
13621
15,21
14,37

2a/ylri9ae

(14.74)

SALINLTY (PPT)
chala7
234810
Cchotc?
£S544u6
3342352
534515
334549
38.573
33.533
32,5717
332503

C(lur,u?)

SALINITY (PPT)
cba563
24,570
Jbadl9
Che P4
33,271
3da5ub
534335

VENSLITY (KG/®3)
Tulvl. 02
1'«10-71
1e17.19
1LiIv.88
1u2oe bt
1020485
Tudoafe
1ulee e
1u2u.8¢
1Lice 80
1U23.66

VERSLITY (KG/M3)
1L1’-aj
1uivado
‘U-“/l 5(.
Tvdua 3
1Llue b
1u2oabb
1‘.‘20-?0

97



[T T VI PYPEy

STATION HUA3ER 19
LOAGLITUDE 27 264 00
LATITuOL 4 33 85
CORRESPUNDING GP LD LOCATION 1y, 7)
UATL OF SAAPLING  23/u62/1932
HAXLUM DEPTH (1) a7
WD
DIRZCTLON LS
SPLRp (MrS)y 7.725
PRPLSSURE (MYAR) {00y
TEAPLRATURE ()
DRY bULg 3.0
VET SdLO S5e¢5

JEPTH (1) TngERATUQE () SALINITY (PPT)
- 638 254374
11 685 254 251
2u 6.70 , 546564
3 1L,N2 374234
50 15.12 13,343

STATLIOWN NHUWLERR 2n
LOWGITUDE 27 37 24
LATITUDE 40 32 438
CORRESPOMNDING GRID LOCATION (14, 7)
DATL OF SAHPLING 271u2/71982
LWALT UM \)EPT"‘ (1) O2
WinDd

DIRECTION 2

SPFEED (/4 3) 2a373
PRESSURE (#yAr) 10497
TEAPLRATURE (C)

DRY bULY 9.9

WET wULB 7.1 -

JEPTH (M) TEAPERATURE (C) SALINITY (PPT)
maacwuaéama-nnan—— g W AT WGy O b T T GE e R s
0 750 £3.9c1 =
1u 763 ) 244U
2u Te0 5,699
3L 1143 35,932

Su 16059 38.515

98

VERSLITY (KG/M3)
lb19.92
fel7a?1
Tulua1c
1W2/.%e
1\-!20.5‘0'

wENSITY (KG/M3)
Tvluedy
1L10.69
TL1Y495
1LE0.79
1Ldue?



LTATION NUALER 29
LOJGITUDE 27 3D 42
LATITUDE 40 22 SO

CORRESPOUNDING GRID LOCATIUN
2?Iu2/1932

DATE OF SAMPLING
HARLLIUM pEPTH (1) 36
WInd

DIRECTION 315

SPEED (1/43) 2515
PRISSURE (NLAP) 1Che
TEAPLRATURE (C)

DRY BULy 9.5

WET BULB 7495

JTPTH, (M)

I e T

TEHPERATURE (C)

i
L T o T T T

U 755
1 531
Zh 6a77
3u 11.206

STATION NUMBER 22
LOUGITUDE 27 20 42
LATITUDL 40 22 43

CORRESPOMDING GRID LOCATION
2710211932

VATEL OF SAMPLING
MAKLINWUMA DePTH (1) 42
Wwlid

DIRCSCTION 30

SPEED (Mr ) 515
PRUSSURLY (HtUAR) 1006 &
TEAPLRATURE (C)

DRY JuLB 1,7

WET 313 9.7

JEPTH (M) TERPERATUZD (C)
- oo o s 0 0a o n SO
v 753
1o 675
2 6,76
34 13,72

STAaTION HUMBLER 23
LOAGITUDE 27 11 36
LATITUDE &G 33 ©n

CORRESPUNDING GRTIO LOCATION
2710211982

VATLE OF SaHPLING
MAALwUA DLPTH 1) of
Wldb

DIRZCTION 49

SPEED (M/S) R g2 bl
PRUSSUREL (Muar) 1008
TLAPLIRATURE (C)

DRY oLt e I}

JET ULy Se 3

JEFTH (in) TFHPERATURE (g
U 6-05
1L : 625
QU hefS
3y 13.7%

<L 15405

(14,03)

SALINITY (PPT)

2545643
25,3606
254833
33,793

(11, 2

SALINITY (PPT)
CS5ebub
54969
loal2é
s94%al

C 6, 7)

SKLINITY (PPT)
251360
25, 421
254692
3534495
58530

99

VENSLTY (KG/M3)
1019.95
1U2U.29
1e2ua3e
1023.75

VENSLITY (KG/M3)
102U.C“
102u.37
1L2La 50
1udiabi

VERSLTY (KG/M3)
11790
Tulva. 43
1b2h.1>
1vlua o
Tuldoefl



STATION NUNBER 24

LOJAGITUDLE
LAVITUDE

CORRESRPONLING
LATL OF SAMPLING

2?7 €012
LG 30458

HAALKWUH DEPTH (1) 52
WL.D

DIRECTLION 75

SPCED (M7 S)  6.13

PRLUSSURL

(Huar) {05

TLAPERATURE (C)

JFPTH ()

o em WS e wD O v b O s

¥}
1
2u
3u

DRY ¢ULB 8.5
HET BULB 6.7

TEHPERATURE (C)

"0 ol 0 0 R 0 S G S 50 s R B
6e87
SN
6,50
13.67

STATION HUMBER 25

LOUGITUDE
LAT1TU VL

CORRESPOND ING GPRID LGCATIUN
DATL OF SAMPLING

26 49 24
Liy 25 13

HALLHUY 2ePTH (1Y) o3
MIAD

PRISSURE

DIRFCTION 145
SPEZL (ArS) 24575
(HUAR) 100

TEAPERATURE (C)

pErTH

< 8 i S £ Gl o MG I8 Ow

N
1u
2U

DRY wuLYd 9.9
WET BUYLB 9. 7.

(QXY] TFHPERATURF (C)
7019
7.00
671

GRID LOCATION
27142719382

27/02/419382

C 35, 6)

SALINITY (PPT)
254132
R T P
254341
374332

uuT OF GRID

SKLINLTY (PPT)

é5a221

254217
¢54559

100

vENSLTY (KG/M3)
felve 71
Tvlvais
1u17485
1\—20.11

VENSLTY (KG/M3I)
1viva o
1U1Y. 76
1ulu.C7
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APPENDIX II

COMPUTER PROGRAM LISTING
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PRIGRAW HARCIDMDY,CABST1,RIST,VHRDT ROV, TAPET1N=BOND1,TAPEY=CA

*TAPF12=RcS1,TAPZ11=VHRD1,TAPE13=RD1)

DIAENSION IDMC4A3,1DM »IRR(S)SISCACLZ,19),IS5CACLE,19),a3040,19
COAMIN /S1/IP,IMN,IXP,I XM

CAIMON [ S2/IPAIMN,4YPLIYN

COAMUN /3\/H1(43'1?),U1(41,19),V1(45:19);H2(43;19),U¢(43,19)
V2(45,19)

COAMUN /bA/d12(43,19),u17(43:19)'u12(43,19),H22(45,1v)
2U22C45,19)4V22(43,19)

COAMON /SS5/NUCLA3 1N L,DE(63,19)
COAMQN /35675 XCA3,19) ,5Y(43,19)
COINOM 737/AS/R1,R2,R3/RL/R5/RB,R7+/RIFRBIRWXIRNY,CR

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

A22(TALDIFLATT,OUL)=DUL=CTAXDIFL/TT)
INITLALTIATION

G=la01

JD=1119,23

3D=1u206s05

CA=0 00N

oI=54lu,
[PFD=ILI=IDT=IGR=ITT=ICTI=IDIS=(

IRL=INR=ITA=IPM=])
IRRCII=IRR(2)=TIRR(II=TRR (&) =IRR(S5) =1
Isi=lry=)

TT=r.0

o0 11 1=1,43

01 11 4=1,19

AT CI,J0)=1H12CL,J) =000

J1C1,0)=v1(L1 )=

A2CI,4)=u2(l,4)=Y2(TI,J0)=0,0

J12C1,0)0=v12,4)=Y0

A22CL, ) =U22 (1 ,0)=V22C1,4)=UalU

2B (I,30=3%X(L,d)=5Y(1,4)=0

ISCACTI,U)=ySCA(L,4)=0
I04CI,u)=NU(T,,)=C

CONTINUE

A1:C5=]5‘J

ARbLe=pkTJ=ART6=()oil

A1:?=A13=A1é:q-j

upfé=unis=udto=ld

48335=Ug30=uB337=d.0

A3ITAT0=A37=0,1

A335=Au30=A337=0.U

ADT&4=pRiL=AD16=]al

JL35=RL30=BL37T=04U

ART=A2=D1=02=0 .3

dLo=ullu=al 3=2u 31,3

Wld=alp=gJi=NgP=0

[P=TA=L1XP=IXN=1

JPEJa=gYP=dYi=D

ALP=nIn=I P=ENI A=)

K tw= Lrl’|1:“

Isc=4Sce=d
R1=R=R3I=N4L=RS=R6=R7=RE=0,0

AS sW= Ak=J, U

QUAZRWY={SA=WSY=,1T

R1Ro=uT=N,Y
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INPUT FRUM DATA FILES
FILE CrA3S
RZAD(2,9U) LEN, CS

90 FORMATC(IX 13,7 21%X,F745)
READ(9,8s)SLXsSLY, SN

B FOﬂMhT(1KIF7.51/I1XIF7.51[11X(F4.1)
READ(9,93)GR

93 FORMAT(IXL,F5,.3)
READ(D,94) DIFLDUL -

Q4 FORNAT(IAsFS el s/ 71X, Fba1)
READ(I,171)C,F1

171 FORMAT(IX,FSal14/,1%XsF7a5)

READ(9,92) W, AW

92 FORMAT(I1XK,Fb 32/ 21X, F5.1)
READ(9195)UD14;UD15;UD161A141A151&16
READ(9,95)UB335,UuB36,UB37,2A35,A306,A37

95 FORMAT(3C1 X, F6 a3,/ 1XaFS 107 71X sFSalsl s 1XsF5,.1)
READ(I,9UIAS,OTL,TT

90 FORMATC(/ 21X2Fb 12/ 24X, FSat s/ riXoFbalrl)
READ(D,97) INR, (IRR(I),1I=1,5)

97 FORMAT(IX,I1,7,5C1X,15,7)
FILE BOND
D) 5352 1=1,43
READ (YU, 99)(NUCI L), d=1,19)

93¢ CONTINUE

99 FORMAT(54£,1912)
09 10 1=1,43
READCIUL,93)CIDM(IL ) »0=1,19)

14 CONTINUR

90 FORMAT(1X,1914)
230 252 I=1,43
20 283 J=1.,19
V3(I,d)=FLOATCIDM(T,4))

285 COWTINUE :
INPUT FROUM VHRD
READCT1,300) IEM

50U FORIMATC(5IX,13)

20 d5 1=1,43
READ(11,190) (WICLI, ) »3=1,19)
READ (I 1,19 (WICLI,0) 20=1,19)
REIAD (11,190 W2CT1,1)»0=1,%9)
READCI1,19M(W2(L,0)£0=1,49%)
15 COWNTLINJE
190 FORMAT(14,19F643)
20 191 1=1,43
00 91 J=1,19
J12¢i,0)=ul(i,J)
v12C¢1,4)=Vvi(I,0)
d2201,4)=U02C1,J)
v22C01,4)=V2(1,4)
191 CONWTINUE



332

531

33y

31dJ

LAWD BUUNDARY CONFIGURATIONS
00 3353 1=1,42 ‘
PO 3350 u=2,18

LFINUCI,J) 422,360 TO 331
TF(NUCL,J)aBEQe=1)GO TO 3232
$D Tu 530

ISCA(I V) =4

JSCAC(IAN)=4

s0 TO 334

I‘IP-‘:NU(I*1IJ)

NIA=U(I=1,4)
ISCACIAJI=NTOUNIPANIM
WAdP=nU (Lrd+1)

NAENUCL,I=1)
JSCACTILIISNTOCNIPAMIM)
CONTINUE

20 310 1=1,43

DO D J=1,19
AY201,3)=H1CL,Jd)=CSE=14N0, +GR
H22¢L1,3)=H2C1,J)=DUL
CONTIMUE

INLTIAL COMPUTATIONMNS
SOJMDARY CONDITIONS
DAIDANLELLEN SOUNDARY

J2C1,6)=022C1,4)=UD14*COSD (45U AT4)
J2(1,5)=422C1,5)=U0015*¥COSD (450 4=A15)
U2€(1,6)=422(1,6)=uD16*CNOSD(45UaA106)
V2 (1,6)=V22C1,4)=UDT14*SIND(45Uqe"ATL)
421 ,5)=y22C1,5)=UD15S*SIND(4504=A15)
v2€1,5)=v22C1,6)=UD1 6*SIND(45Ja=A10)

SJOSPAORUS BOUNDARY

J1(35,16)=U12035,16)=U335*xCQSD (45)e=A35)
J1(30,16)=U12(36,16)=UB36*C0SD(4504~A356)
U1(37,16)=u12(37,16)=U837*CGSD(4504=A37)
¥1(35,16)=v12(35,16)=U335*SIND (45 4~A35)
V130,153 =v12036,18)=1836*SIND (455 4=A30)
V1(37,160=v12C37,16)=U337*xSIND(455a=A37)

ALA0 FILELD:

ASK= o TUNG7*# (Yx*(2,44))*COSD (45N 4=Ad)
ASY=o 0007 * (dn*x(2,44)) *STHD (450, =AW)

SHURT HOTATIAONS
2131,/ (As+2a)
R23DT/(2,*01)
R3I=RZ%G

R&=Rox (Up/B3DI*CS
RA5=P5x ((3D-=UD) /BD)
R6H=DT*CA
R7=(3D=UD) /30D
RUX=ASK*LT/UD
RUT=WSY*DT/UD
RI=DT*FI
RBZDT*GF(Crx2,)

104
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JUTPUT FILE

IDI=INTC0I)

ITT=INT(TT)

IDT=INT(OT)

ICTI=ITT/IuT

I101Is=0

ARITECI2,ZU0IIEN,ITTLIDIS,I0T,ICTILIDI

20U FORMAT(/1,460Xs 2O0HRESULTS OF EXECUTIONAIX,13,/7+39%,
*1SASINMULATLION TIME,1 X, IA6,1XsTHSECONDS, /- 3UX,

*352AMAXIMUN ALLOWABLE TIME INCREMENT,IX,13,1%X,7HSECONLSA/ s 3uXys
*235ATIME INCREMENT SMPLOYED,1X,13,1X,7HSECONDS,/» 30X,

*34ACORRE SPONDING HUMBER OF ITERATIONS,1X,14,7,3)%X,130GkIu wISTAL
*, 1K L6 ,1X,0HALTERSS/)

254 WRITE(12,202)04D,8D

202 FORMAT (/2304 ,1FHUPPER LAYER DENSITY 1XKsF7a2, VX, 7THKG/inx%x3,
*/r30Ks1OHLOWIR LAYFR DEMSITY,1XsF7ea271Xs THKG/Fi®x3)

WRITE(12,233)CA
2US FORMATC3IX,222HCORINLIS ACCELERATION=,1XsFoubs1X,5H1/358C,7 1)
ARITL(T2,204 )4 400

274 FOMAT(IIX 21 1AWIND SPETFD=,1Kk,F6e3,1XsSHA/SECA/ »30%,

FPYAWIND ANGLEZ s 1Xs FS V21X, THOEGREESSH/ /)
ARLTe(12,205)C,F1 .

205 FORMAT(IUX,SEHCHEZY'S 20TTOM FRICTION COZFFICIENT=,1Ar,F5%.1/-
* X pTUHI**L o5 /SEC,/ #30X,33HINTERFACIAL FRICTION COEFFLCIENT=,
* VX F 720/ 7)

ARLTE(12,206)GR
200 FORMAT(IOX,17HSEA LEVEL EXCESS ,Fb6al ,1X,6HMETERS)
ARITE(12,207)

207 FORMAT(//,30X,41HBOUNDARY CONDITIONS AT 30SPACRUS ENTRANCC,/ 2,37
* L1 (A=) s/ /30K, J4HYELCCITINS AT THREE wOUNDARY NODES,/,50As
*114UPPER LAYZERA//2NXS,LHNODE,SXK,2YHCURRENT SPEED (M/SeC)r,5Xs
*3VADIRLCTION (NORTH IS O DEGRESSI /2,4 (TH=),5X,21CiH=) /54
*,3J(1H=),/)

WRIT2(12,2233)UB35,A35,U336,A30,U837,A57

2Us FORMATC(IOX,THC35,18) s3%XsFh 321 K sFSu1sl s 19Xs7H (36,100 ,0XsF0a3s1

¥ s F e lsl rd9XsTH (37236 ) 28X rF0a3,1UXsFS 1, /)
WARITE(12,209)

209 FORMAT(3UX,43HBOUNDARY COMDITIONS AT DARDANCELLEN ENTRANCZ,/.,30X
*43{1n=)s/7 3K 3LHVELDICITIES AT THREZ BOUNDARY NODES,/s3uXs
*{1HUPPLR LAYER A/ /20X 4HNODESSX,2THCURRENT SPZeD (/ScClsriXs
*30ADIRECTION (NORTH IS M DEGREZSIA/Z2IXK,4CiH=)0s5X,21C1H=),5%
*,3501H=) /)

ARITECI2,2100UD14, M 4,UD15,A15,UD15,A16

210 FORMATC(II%XeTH (1 r4) s3%sF 6321 XK sFS5a1,7,19%,71 (1+5) s0XsFoa3st

*pF3:.V0d 09K (126) ,E8XsF8.3,%0X,F541/,17)
ARLITE(I2,211)INR
211 FORMAT(/,30X»2AHRESULTS HAVE SFEN PRINTED oI1,1Xs5HTIMeS,/7/7)
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COAPUTATIONS
DO 1 L:1II~“R
IRI=IRRC(LI/ZINT(DT)
DO 2 XK=1,1IRI
ITA=LTA+IDT
TASFLOAT(ITA)
A1C1,4)=d1¢1,5)=H1(1,5)=H13(TA,GR,TT,CSE)
H12C1,4)Y=H12(1,5)=H12¢1,6)=H1B(TA,GR,TT,CS2)
A2(33,16)=42(36,16)=H2(37,10)=H2D(TA,DIFL,TT,DUL)
A22(55,10)=H22(36,15)=H22(37,16)=H20(TA,DIFL,TT,DUL)
FIRST TIAE STEP
w0 7 I1=1,42
DO 7 J1=2,13
IFNUCI,J) eEQa=2)G0 T 7
LF(NUCI,J) aEd,.2)G0 TO S3
IFC(MUCILY) g€EQ.MGO TO 5S4
FR:ZF NODE
5% IpP=1+1
In=1=1
Ixe=1X4=1
a0 Ty 55
LAAD BOUUDARY NODE
5S4 ISC=ISCACILY)
) w0 TU(56,57,58,59)1SC
So IP=I+1
In=1
Ixe=1
IX A==1
30 TJ 55
57 IP=1
1=l
[Xo=~1 ,
IXi=1
3Q Tu 35
50 IP=1s=1
IXP=1Xl=eeq
eQ TO 55
JOJIMDARY CONDITIONS
55 [F(JaFuai6)Gd TO 60
DARCANELLEN NODES.
FORWARD QIFFERENCLS
H22CLsd)=RI* CASHH2 (T ) +H2CL,3)+H2 (I +1,4))=R2%x(H2(I,uy)=
* )L ,d3) %= (U2 (1 +1,00=U02CT,4))=R2*xU2(1,J)*(H2C(I+1,0)=Ho(Lry)
*2D 3 (I+1,J)+03(1,0))
U201, 0)=P4x (AS*UT (T ) +UT(I+1,3)+U1 (1,3))=R3*x(HI(I+1,4)=H1
VEI2CL,d)=RI*(AS*VI (T ,3)+V1(I+1,4)0+VTI(1,J4))
GO To 7
3053PHORUS NODES
60 IF(I.EWa35)G9 TO 71
© IF(I.Fus37)G0 TO 72
IP=7+1
[M=1=1
IXe=IXu=1
G0 TU 73
72 12=1 -



73

69

65

6o

67

10

107

H12CL,0) =Pt (HICIP,J )+ K1 (T M) +ASKHTI (1, J))=R2% (HI1C(TIsu)~
* A2 (T 3)I%(IXP*ULC(IP, ) =T XMU* U (111, ))=R2%UT (L rd)
wE (AT (IP,I)=HICIMA SIS HY (TP, J)+H2(IM,d))

Y22CL d)=PI* (I XP*U2CIP,J)+IXM*U(IM,J)+ASHU2(L/4))=
*R2*U2CL, ) *(IXP*U2 (1P, Y)=IX1*U2(IM,J))=RLEx(HI(IP,J))~
*HY (TisdI)=RS*(HZ (1P, J)=H2(L14,d))

V22CL 0)=PI* (V2(IP )+ V2(IM, ) +ASHV2 (1,J))=R2%U2(I ,J)*
*(V2(IP,J)=Vv2(1IM,4))

sd T2 7

SUJSROUTIWE ROUTING

CALL FTS(I,J)

CONTINUE

SECOND TIME STESP

vl © I=1,42

DO 9-J=2,18

IF(NUCI,J) eE2,2)G0 TO 62

IF(NUCI,J)eEQLMGO TO 63
CFRZEF NMODE

JP=J+1

JM=y=1

JyYrP=aYil=i

s0 TU ©S

LAWD BUUIDARY NODE

JSC=JdSCA(ILd)

3D TU(06,07,5%8,69)4SC

JP=J+9

JHM=y

JYe=1

J Yi==q

G0 TU oS

dP=J

FRERE

JYP==1

JY4=1

e T0 oS

JP=Jti=y

JYP=yYli==q

s0 TU 65

JOJNGARY CONDITIONS

IF(TFWa1)GO TO 74

305PHA0ORUS ENTRANCE

IF(T.F4,36)50 T0 16

60 To 7

UACKWARD DIFFERENCES : 7

HICI,d)=( ol CAS*I )Y *(H12 (1, J) *AS+H12(1,d=1) )= (DT/DIJ*
*(HI2C1,3)=d22CT,d))*(V12(1,d)=V12(1,3=1))=(DT/DI)*
*(HI2CTI,d)~H12C1,0=1)=D3(1,4)+DB(1,J=1))3xy12(1,J)

U2CT1 230201/ CAS+1 .0 * (U221, J) *AS+URZ(1,J=1))+CA*DT*V2c (1
s (DT/DII*V22CI 23 )% (U22(1,J)mU22(C1,J=1))=(DT#*G*U22(X,y) ¥
*3ARATCU22CI,J)*%*2 o +V22(T,d) %2, )/ (Cxx 2, )% (H22(C1,4)=DB(1s4)
* (SIRTCUZ2CT ) *% 2, +V22(1,d)**x2 )% (U12C1,J)=U22CLl,J))*xDT*F
* /(A2 (I d)=D3CLsd)) - -

V2 (T ,30=(1a/ CAS+ Y)Y A (V22 (1 ,J)*AS+V22(1,J=1))=CA®DTHU2(1
*em(DT/DI) Y22 (L pd )% (V22 (1,d)=Vv22CL,d=1))=(DT/DL)*Gx(UL/GD)
* (Hi2(1,d)=H12CT1,d=1) ) (DT/DI)*G* ((3D=~UD)/3D)*(H22(1,4)~
*H22(L,3=1))=(DT%xG*V22(1,4)) *

*3QATCUZ22CI ) w22, +v22(T1,J)wn2, 37 (Cxw2 )% (H22C1,4)=DB(L/J)
w (SaRTCU22CT,J) #w2, ey 22 (T, ) *x2 ) *(V12CT,3)=V20(L,4))nDTw¢§
*/(A22(1,0)=D3(T1,3))



108

"CENTRAL VDIFFERTENCES
17 J4P=d
JM= =1
JYP==q
JY 1=1
2ESURTC(U22 (L, *U22(CT1,3) )+ (V22(CT,u)*V22(1,4)))/
* (H22(I1,4)-09(L,4))
H1CI ) =R *(H12CT,JP)+HI2CTI M) +AS*HT12(I »4))
*mRIx (H12(L,d )= H22CL, DI *(JYP*VA2(I,dP) = YM*V12(L,J4))
*e=R2X V(I I *(HI2(I, P )mHI2 (T, M) =HZ2(1,JP)+H22CT1,J))
J2C1,0)=R1*CU22CT, 0PI +U22CT,0iM)+AS*U22 (1 ,J))+R6*V22(disy)
*aR2xV22(1,d) *(U22CT,JP)=UR2 (T, JM))=RI*A2*U22(1,d)
weeRI*A2*ABS (U112 (L1 ,J)=U22(1,4))
V2(I,3)=RI*(UYPRYZ2(T,yP)+IYHARY22( T, J13)+AS*Y22(1,4))
*mRo*J22 (I ) =R2xV22(1,J)* (JYP*V22( 1, JP)=JYM*xV22(I,dN))
*es R4 x (HP2(I ,dP)=HA12 (1 ,UM))=R3*x(H22(T,4P)=H22(1, 1)) =Ru*n
TN 20 (L,d)=RI*A2xABS(VI2CI,J)=Vv22(L,4))
30 TO 9
DARDANELLEN ENTRAMCE
T4 1F(JaBue&)GO TO 77
IF(JeBuWa3)30 TO 78
JP=J
JH=J=
JYpP=ei
JYA=1
GO Tu 18
74 JP=J+1
Jti=g=1
JYe=Jyu=1
s0 Tu 18
77 J4P=J+1
NREN
JY?2=1
JYii=m=1
13 ATSSURTO(UI2CI ,3)*U12CL )+ (N12(T,0)%xV12(1,3)))/
* (HI12(L,J)=H22(1,4)) .

A2CI,d0 =1 % (H22CT,JP)+H22 (T dMI+ASH*H22 (1,4 ))=R2*(H22(1,d)
xeaD JCI o)) *CIYPHV22 (I IPI=JYMAV22(1,uM))=R2%V22(1,J)
*x(422(1,dP)=H22CL,J*)=DB3(1,JP)+D3(1,JM))

U1(T,30=R1*(UT2CT,JP)+U12 (I, JM)+AS*UT2(L,d))+ROEXVI2Ci,0)
*+RAX/CHI2CL, ) =H22 (1 ,J))=RI*A1*xABS (U112 (L ,4)=U22(L,0))

V(I d)=R1=CIYP*y12C1,3P)+JfM*xV12CI, M) +ASH 12 (I, d))=Ruxutce(
wee R 4x (H12(1 ,J PY=H12 (X ,IM))
w4+ Y/ CHI2CI 00 =H22 (T, ))=RI*A1*ABS(VI2(1,3)=v22(1,4))

G0 TO ¢ :

SUSRIUTIHE ROUTING

CAaLL STS(I,4)

CONTINUVE

COUTINUE

CALL RESULT(ITA)

1 COWNTINULE
RESULT DUMPING
CALL RESLUMP (IEN)
5TuP

_EH

N VU
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SUJBROUTINE RESULTCITAY
DIAENSION NICe3),1DUCL3,19),IHF1C43,19),10LLC(43,19)
COWMOUN FS3/HACA3 1D ,U1CLTR,19) V1 (43,19) ,H2C43,17)
*,U20463,19),V2043,19
COAMOM /SS5/NUCE3,19) ,02(€43,19)
COAMON /S5/7QLD ,QUD,QL3,0URB
IMITIALIZATION
DO 543 1=1,43
NICI)=1
2435 COWTINUE
3 140 I=1,43
9 100 u=1,19
IDUCI d)=IHFIC(TI 4)=10LL(CI d)=0
100 COJTIMUE
I11)J=17=13=19=(
NOSTAH=NM=NS =N 1=N2=N3=0
00 141 1=1,43
20 1J1 J=1.19
IF(MUCL,J)aEQ,=2)GO TO 102
IDUCTI,)SINT(HIC(TI, ) =H2(T,4))
IRFICI )I=INTCHICTI, ) =1400 ) %1010,)
IDLLCIAJ)=INTCH2CI,4)=DB(1,4))
90 Tu 101
IDUCIAu)=SIHFICILI)=IDLL(I 4) =100
COANTINUE
PO 544 1=1,43
00 S4b4 J=1,19
IF(NUCL,d) aEQa=2)G0 TN 545
e TI S4a
545 Ul (1,d)=Vi(Ll d)=U2(I1,4)=Vv2C1,Jd)=10T 2000
S44 JOWTIMNUE '
QU TPUT FlilLe
COWAVEIRSIUN TO HOURS
W0 3=ITA )
AH=TWT(NOS/360T7)
N1=Mdx 5600
N2=NUS=N1
AM=INT (N2 0U)
t"‘B:NH*OO
NS=NZ2=N3
ARITE(T12,110IN0S#ilH, NMANS
110 FORMAT(///+60X,13HRESULTS AFTER,/
*pbh X1 2HSLAPSED TIME 4 XrI15,1XsTHSECONDSA/ 240X, 12,1Xs
*3HAVURS 22X L2, 1Ko THAINUTES,2X, 12,1 X, THSECONDS)
VILOCITICS
WRITe(12,112)
112 FORNMATCLIX 4 VHUPPER LAYER HORIZONTAL VZELOCITIES (M/S_Clesdf s
*xp 4 1 CiH=)s/ 1)
w0 113 J=19,1,+1
ARITEC12,13000,CUT (T4 d)rI=1,15)
115 COWTINUE
ARITECI 2,1 31X(NICID) ,T11=1,15)
DO 114 i=19,1,-1
WRITEC12,132)4 U1, ),1=16,29)
114 COWATINUE
ARITECI2,133Y(NICID) L,211=16,29)

=R
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JRITQ(1 s133)CNICIY) LI1=3N,43)
ARLTe(12,510)
S1U FORMAT(S(/),6UX,39HUPPER LAYER VERTICAL VELOCITIES (W/SEC),.
*,37(1H=),//)
90 116 4=19,1,=1
WRITC(12,1300d,(V1(T1,0),121,15)
110 CONTINUE
ARITEC(I2,131)(NICID) »11=1,15)
30 197 4=19,1,~1
' WRITEC12,132)0,(v1(1,4),1=16,27)
117 COWTINUE
ARITe(12,133)NIC(IT)LI1=14,29)
20 118 J=19,1,=1 ’
WRITe (12 1137)J1(V1(TIJ)II— Ue43)
11 COUTINUE
ARITE(I2,133)(NICID) L,1T=3P,43)
: ARITE(12,119)
119 FORMATC/// 11 26X ,41HLOWER LAYER HORIZONTAL VZILOCITIES (M7 SE(
* sl UXs b1 (1H=) /1)
20 120 J=19,1,-1
ARITE(12,13U)d,(U2(1,4),1=1,15)
120 COWTINUE
WRITE(12,131)(NICI D) ,11=21,13)
00 1Y J=19,1,~1
WRITL(12,132)3,(U2(T1,4),1=10,29)
121 COUNTINUE
ARITEM 2,133 3 (NICID ,11=16,29)
w0 12 I=19-1,+1
ARITE (12,1320, CU2CT1,4)+1=3G,43)
122 COUTINUF
NQIT:(121133)(NI(II)III IN,43)
ARITE(12,123)
123 FORMAT(S(/ ) 4U%X,39HLOWER LAYER VERTICAL VELOCITIES (in/3EC)
* /a0l KksaD (1 H2)YL /7))
P 124 J=19,1,=1
JPIT;(1 I13Q)J1(VZ(IIJ)II 1,15)
124 CONTIN
NRITE(12/131)(HI(II)III=1/15)
0o 125 J4=19,1,~-1
JRITCCI2,132)3 (V2 (1 ,0)sr1=16,29)
125 COWTINUE
ARLITEC12,133)(NLILII) »21=16,29)
JO 126 4=19,1,-=1
ARLT (12,1320 ,(V2 (1,30 ,1=30,473)
120 CONTINUE
ARLITECI2,133)(NICII) ,1I=300,43)
130 FORMATCI 212, 3X,1H0,3%X,15(F5,.3,2X))
131 FORMAT(I6X,15C12,5X) /1)
132 FOWATCI X L2, 9%X21HO,3X,714C(FS54.3,2X))
135 FORMAT(IoX,140T2,5X) .7 1)
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RELGHTS
JPPER LAYER DEPTH
URITe(12,135) ‘
135 FORMATC(///178GX,29HELTVATIONS AND DEPTHS #7246 0X,21( =)0l 111+
* 4K, 26 HADEPTH OF UPPER LAYER () /7+40Xs26(1H=Y, 11 1)
ARITE(12,138)Y(NICIT) ,11=1,22)
130 FAORMATC/AVTIX222C1242X) 4/ 2 17X222(2H™e,2X))
JO 1556 J=1%2,1,~1
ARITZ(12,137)4,CIDUCL,4),2=1,22)

137 FORMATC(IOX 12, 9X,1H0,3%X,22(12,2X%X))

130 COATIMUE
ARITLC(I2,141)(NIC(LID) ,11=23,43)

Tel FORVAT(/2ATX 22V CL222X) 2/ 17X 221 (2H==,2X))

59 139 3=19,1,=1
ARITECI2,14U0)3,C20UCL,0)1=23,43)

140 FORVAT(IIX,12,1X,1H0,3%X,21(12,2X))

139 CONTINUE
LOWFR LAYER DJEPTH

CARLITS(12,142)

162 FORMATC//1]7460%X,26HDEPTH OF LOWER LAYER (M)o/rb6UXs26 =) s/l
ARITZC(12,145)CNICID) ,11=1,22)

145 FORPATC(/213%X022C12,3X) 47213 %X,22(2H==,3X))
00 143 J=19,1,-1
ARLTECI2,144)3,CIDLL(ILJ),121,22)

144 FORMAT(SA, 121X, 140G, 3X,22C14,1X))

143 COATINUE
WRITEZ(12,1466)YNICLI) ,11=23,43)

140 FORMAT(/213X,21C1223X) 27 213X,21(2H==,3X))
0O 147 J4=19,1,=1
ARLTZC12,943)20,CT0LLA(T,0),1=23,43)

140 FORMAT(OX, 121X, 100,3X,21C(14,1%))

147 COITLINUE
FLJCTUATIONS
ARITECT12,149)

149 FORMAT///T 260X, 39HFLUCTUATIONS AROUIND HMEAN SEA LEVel (CMird

*4 X, 539C =YL /1))
WARILITECTIZ2A10M)YNICLIY ,11=1,22)

15U FORMATC(/ 17X s22CY2,2X) 27 21T X222(2H==,2X))
20 131 J=19,1,-1
ARLTE(12,915200,CIHFI(I L 0) 12,22

152 FO&WHT(13X11311X/1HOISXIZZ(IZ}?X)),

151 COATINUE
ARITEC(12,1533(NICIT) ,T11=23,43)

155 FORMATC/Z,17X,2VC012,2X) /17X ,21(2H=~=,2X))

DI 154 J=19,1,=1
ARITECI2,99530 2 0IHFI (T LU),1=23,43)

155 FORMATC(YIOX,12,1X,1HO0,3X,21C12,2X))

154 COATINUEL
RZTURM
LW



112

SUBROQUTINHE FTS(1,4)

COIMUN /ST1/IP,IM,IXP,IXN

COAMUN /S3/H1CA3,19 U1 (63,12 ,V1C43,19) ,142C43,19),Uc(43,
*,2043,17)

COAMON /S4/H12C43,19),U12¢43,19) v 12 (43,19),422(43,19)
*,U22(43,19),V22043,19)

COMAMON /35/NUCA3,19),03C43,19)

COAMUN /SH/SXC43,19),5Y(43,19)

COAMON /ST/AS,RT1/R2,R3/RLIRS/REFRTIRI/RGFRWKZRWY PGR

HY2CL 2 0)=RI* (HICIP LU +HI (IM, D +ASHHI (1 ,d) ) =R2* (H1(I,J)
*aH (I d))®(IXPAUT(IP,J)=IX¥xUl(IM,J))=R2*U1(T,J)*
*(HI(IP,I)=H1 (1M, 3)=H2CIP,J)+HZ (I, 4))

JI2CL,0)=RI* (I XP*UTCIP,J)+TAM®UL (IM,J)+AS* UL (I, d))=Re*
*UT (L ) *(IXP*UATCIP L) =IXM*UTCIM,Y))=RI*(HT (IP,J)~HTI(IM,J)

VIZ2CI,0)=RTI*x(VICIP I +VIC(IVM L)) +ASxVI (I ,4))=R2xUT(L,J)
*x (J1(IP,J)=VIC(IM,J))

A22C1,3)=RI*(H2CIPAJI+H2C(IM, ) +AS*HE (1,3) ) =R2* (H2(1,u)~
*O3 (1)) *(IXP*UR(IP,J)=TXN*U2(IH ) )=R2*U2(1,d)

*x (A2 (IP,J)=H2C(IN,J)=DB(IP,J)+D3(IM,J))

U22C1,4)=R1* (IXP*U2(IP,4)+IXM*U2 (1A, J)+AS*U2(1,4)) =
*R2xUS(T,J) *(IXP*U2(IP,J)=IXM*U2CIM,J))=RL&x(HI(IP,J)=
*H1 (14,0 ) )=RS2(H2(IP,J)=H2(IM,4))+SX(L,J)

V22CI1,d)=R1* (V2(IP LI +V2(IN¥,J)+ASRV2(1,J))=R2%xU2(1,4)*
* (V2(1P,J)=v2(1H,4))

HY12C1,3)=H12 (1 ,d)+R7*(H22 (1 ,J)=H2(1,J4))

RETURN

2N



113

TSUBRQUTINE STSCILJ)

COAMON /S2/73°,0MsdYPLJYH

COAMON /53/H1CA3,19) Ju1CA3,19)aVICL54,19) 4H2(43,19) /043,15
*,V2043,19)

COAMON /S&L/H12C63,19),U12C43,19) 2v12€43,19),H2(43,17)
*,U22(43,99) 02204319

COAMOUNMN /SS/NUCL3,19) ,DBE(43,19)

COMMIN FSE6/SXCA3,19),5Y(43,19)

COAMUN /ST/AS/R1/R2,RI/RLIRSIRE,RT/EISRUB/RANXIRHY FGR

AT=SSURTCCUIZ (L A *UN12CT, )+ (V12 (1 ,id*xv12(1,4)))/
* (H]12(1,d)=H22C¢1,4))

H1CI,d)=rR1*(H12CT,0P)+HT12(CT, M) +AS*HTIZ2(L1,J))=R2*(H12(1,J)
*ee{ 22 (1 ,4)) % (IYPA VT 2C1,P)dYN®VI2(I,J))=R2%VY12(C1,4)

e (41201, JP)=HI2(T,dM)=H22(1,JP)+H22(I,d4M))
UTCIAd)=RT1*#CUT2CT,dP)+UT2CT,JM)Y+AS*UT2(1,J))+ROEXVTI2(isd)~
* Q22 12(T )% (UI2CT L JPY=UT2CL d M) +REX/(H12(T ,J)=H22Cisu) )~

*RI®AT*A3S(UT2CT,4)=u22(1,4))

VICI,I)=RI*AQIYP*VI2CT,4P)+IYH*VI2(T, M) +AS*VI2(1,d))=Ru*U1{
kmeR 2L (1,0 )% (IYP* YT 201, JP) =y Y ixy12(L,0M))=R3*(H12(1, 4P )=
*A12CI,0MI)+RUY /(AT 2CT, ) =H22CT,3))~RI*AT*ABS (VY12 (1 ,dJ)=v2c(I

A2SSURTC(UR22 €L ,3)*U22C1,0))+(V22CL,d)*V22(1,J3))/
*(H22C1,4)=03C1,4))

A2CI,4)=R1*(H22(1,J2)+H22 (L1, yMI+AS*H22(1,J4))

o R 2k (HZ2(T43)=0BCL I )Y *(JYP*xVY22(CL, 0P )=dYM*V22(1,41))
% R2x Y22 (L ) *x(H22CI,4P)=H22(1,dM)=D6 (1, 4P)+D3(I,JM))

J2CI,d3=RY1*CU22CT,dP)+U22 (T, J0)+AS*U22(L1,d))+RO*V22(iry)
*eaRIx Y2 (1,4 ) *(U22(CT1,UP)=U22 (1 ,dM))=R3%xU22(1,J) *A2
xeaQ [k A2 % ABS (U2 (L, J)=U22(1,4))

V201,00 =R1*(JYPRV22(1,dP)+JYMxV22( L, Jli)+AS*V22(1,4))
*mRow J22 (L,4)=R2*xY22(I,4)*(JYP*Y22( T, iP)=JYixv22(1,J48,)
wemR4x (HT2(I,JP)=HI2 (T ,dM)I=R5%x(H22(CL,JP)=H22(L1,JH)I)=Rc*n2
* w22 (T, d)=RI*A2xAGS(VI2(I )=V 22(L,0))+SY(1,J)

J=3GRTCFLOAT (L) *x»2 (+FLOAT(U=4) *x%x2,)

623(41"‘3)/81 -

ATCI 0)=n1 (L g ) +R72(H2(1,J)=H22(L,J))=GR*32/17232.

RETURN '

chNJ '
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TFUNCTION NTD(I1,41)
IFCI1.EQ4=2)50 TO 131
IF(JiEQa=2)50 TN 182
HTo=4
30 Tou 194
132 nTo=1
0 T4 194
131 LF(J1.5Gqem2)G0 TN 133
nNTo=<
60 TUu 193
183 uTo=s
191) RETURN
CHy
TSUBRQUTINE RESDUMP(IEN)
COAMUN /33/H1(A3,1MD ,U1C43,19),V1C43,19) 412043 ,1P),0(43,1
*,v2(43,19)
COAMGN /S4/H12CA3,19),U12C43,19) V12 C43,19),H22C43,1Y)
*,U22C45,19),V22043,19)
COAMUN /SS5/NUCL3,19) ,DB(43,17)
ARITECI3,700)IEN
TUU FORMAT(/,20X,1 7THEXECUTION NUMBER=,1X,13,/)
00 7d1 I=1,473
ARITE(TZ,732)YCUACILd),0=1,19)
701 CONTINUE
V0 7L3 1=1,43
WARITECI3,732)CV1(1,0),4=1,19)
7U3 CONTIMNUE
20 7ub 121,43
ARLTE(13,732)CU2(CL,d),3=1,19)
704 CONTLINUE
0 7uS I=1,43
ARLTZ(13,702)
705 CONTINUE
702 FORMAT(1X,19F643)
vo 736 J=1,19
WARLT(13,707)C(NUCL #)r1=1,43)
Tuo COITINUE
707 FORMAT(1X,4312)
RETURN
LNJ

(v2(1,3),4=1,19)

1
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APPENDIX IIT

NUMERICAL RESULTS
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VELOCITY FIELD IN THE ABSENCE OF WIND

Sea Level Difference 10 cm

Interfacial Elevation Difference 12 m
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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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126

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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