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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 local 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. 
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OZET 

Bu Marmara denizi ak1nt1lar1n1n ve su 

seviyelerinin hesaplanabilmesi i~in nlimerik bir model 

geli~tirilmi~tir. 

Marmara denizinin iki katman11 ak1nt1 sistemini ortaya 

~1karabilmek i9in, iki katman11, zamana bag1m11 ve dligey 

eksende entegre edilmi g bir model kullan1lmlgt1r. Modelin 

dogrusal olmayan klsmi diferansiyel denklemleri belirtik 

( explicit) bir sonlu farklar yontemiyle ~ozlilmlig, hatalar1n 

kontrolli ve dogrulugun artmas1n1n saglanmas1 i~in, bir yerel 

integral yontemi uygulanmlgt1r. 

Ozellikle, kuvvetli rlizgarlar alt1nda ak1nt1 ve su 

seviyelerinin hesaplanmas1na onem verilmigtir. 
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I. INTRODUCTION 

With the advent of high speed and high storage 

computers. numerical models of hydrodynamical systems have 

greatly replaced hydraulic models. Numerical models offer 

almost unlimited flexibility in the simulation of various 

conditions. whereas hydraulic models require extensive 

modifications for even a slight change in the modeled system. 

Moreover. numerical models are less expensive. 

Fields of application of numerical models cover a wide 

range. In coastal engineering. simulation of flow patterns by 

a numerical model provides valuable data to be used· in 

planning a coastal construction. Modeling of storm surges to 

predict maximum water-levels aids the efficient planning of 

flood defense works in areas vulner~ble to frequent flooding 

by storms and hurricanes. Tidal computations in open channels 

and harbors are a useful tool for navigational purposes and 

construction projects. 

Quite a number of marine environments today are heavily 

polluted by man. They require urgent intervention to regain 

back their aesthetical value and to become harmless and 

useful to any form of life. Numerical water quality modeling 

is a very efficient tool in aiding environmental planning of 
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such endangered marine systems. Water quality models are 

widely used to .predict the behavior of pollutants released 

into a marine environment, their dispersion and fate. 

The Marmara Sea in northwestern Turkey is one of the 

endangered marine systems. It lies in a region where a 

quarter of Turkey's population lives and almost half of the 

country's industry is located. The sea is continuously 

polluted by urban centers and industry. Owing to its 

geographical setting, the Marmara Sea has only limited access 

to open seas and this greatly reduces its regeneration 

capability by allowing the contaminants to disperse only in a 

confined area. 

The Marmara Sea is important in the sense that it is a 

major international sea-way. Moreover, in the rapidly deve­

loping Marmara Region, it can serve much to transportation, 

especially in the eastern portion. The sea is also a 

productive fishing ground and recreational area. 

In contrast to its importance, the Marmara Sea is litle 

investigated. There is a lack of knowledge about its two­

layer flow pattern. The general circulation in the sea is 

virtually unknown. There are no values for the transport of 

water in both upper and lower layers. 

The foregoing study is thought to simulate the general 

circulation pattern in the Marmara Sea. The model developed 

is a quasi three-dimensional model. It is composed of two 2-D 

models to simulate variations in three dimensions. The model 

is designed to predict velocities and water levels for both 

layers under various conditions, like the response of the sea 



to strong winds. 

In its present form, the model will serve two purposes. 

First, the circulation pattern of the sea will -be 

investigated and data for a water quality model will be 

obtained. Secondly, the applicability of the model to a large 

hydrodynamical system will be tested. Up to now, to the best 

knowledge of the author, no numerical model has been 

developed employing the full form of the equations describing 

fluid flow and covering such a large region. 

J 
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II. LITERATURE SURVEY 

2.1. Depth-Averaged Models 

Mathematical modeling of fluid motion is accomplished by 

solving the Navier-Stokes equations which describe fluid 

motion in a hydrodynamical system. These equations are 

nonlinear partial differential equations and unless 

considerable simplifications are made by neglecting a number 

of terms and a very simple geometry of the system is assumed 

these equations do not have analytical solutions. 

The advent of high speed, high storage digital computers 

has enabled the numerical solution of the Navier-Stokes 

equations, employing numerical techniques 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 necessiated some modifications in the 

equations, which has led to a class of numerical models, 

called depth-averaged models. 

The modeling of a hydrodynamical system by depth 

averaged equations is based on two assumptions. The first one 

involves a comparison between the vertical acceleration in a 

system and the gravitational acceleration. In hydrodynamical 

systems, vertical accelerations are very small compared with 
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the gravitational acceleration. This results in the 

elimination of one equation from the system. the equation 

of motion in the vertical direction. But still. the system 

is 3-D. 

The second assumption is that the system is well-mixed 

in the vertical direction. It is assumed that the flow 

properties do not change in the vertical direction. This 

allows an integration over the flow depth. The 

integration, usually called depth-averaging. results in a 

single velocity vector on the horizontal plane which is 

representative of all velocities along the flow depth. With 

this integration, the vertical coordinate is eliminated and 

the system is reduced to two dimensions. The resulting depth 

averaged equations are the following. 

The equation of continuity 

a(UH) + a(VH) ~ 0 
ax ay (2.1) 

The equation of motion ( longitudinal direction ) 

au + uau -t- vau _ fV + gah + W + B ::: 0 ot ax ay ax (2.2) 

A c p 

The equation of motion ( lateral direction ) 

av + uav + vav + tU + gah + W + B :s: 0 at ax ay ay (2.)) 

A c p 
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The continuity equation above arises from the 

consideration that inflow into a volume element in the system 

is equal to the outflow, given that the fluid is 

incompressible ( sea water is slightly compressible but in a 

negligible 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 au/at and av/at being the local derivatives 

and the other two being the convective accelerations. The 

terms labeled P, Wand 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 Wand 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, 
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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 water levels in hydrodynamical systems. Liu 
( 1 ) 

Leendertse 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 

their predictive capability and limitations. 
(4) 

models for 

Fisher ,discusses the limitations of modeling of 

coastal flows by pointing out to the lack of knowledge on the 

controlling processes. 

A good treatise on depth-averaged modeling may be found 
(5) 

in Ponce and Yabusaki where the authors claim that the 

greatest source of uncertaity in 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. 
(6) 

Chintu Lai gives the most up~to-date review of 

hydrodynamical models. His work is confined to open channel 

flows but extensive information is present for depth-averaged 

modeling. 

Depth-averaged models have been applied to a variety of 

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

example. Reid and Bodine modeled storm surges in Galveston 

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

and convective accelerations. They used data, to calibrate 
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and verify their model, from two hurricanes. 
(8) 

Prandle modeled storm surges in the North Sea and 

-
River Thames where he used a l-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 
(9) 

Griffiths 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 

classical paper on tidal computations 
(10) 

Dronkers ,where a comprehensive study is 

modeling. 

is that 

presented 

A 

of 

for 

tidally induced currents in rivers and coastal areas. 
(11 ) 

Flather and Heaps 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) 

Yenigtin developed a model for tidal currents in two 

estuaries, the Milford Haven and Tay estuaries. A numerical 

model for tidal circulation in harbors was developed by 
(14) 

Falconer 

Depth-averaged models have also been used for water 
(15) 

quality simulations. Williams and Hinwood developed a 

2-D pollutant transport model for the Port Philip bay in 

Australia which receives wastes from the city of Melbourne. 
(1 ) 

In Liu and Leendertse , 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. 
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2.2. Depth-Averaged Models of Stratified Flows 

Stratified flows 

different densities 

are characterized by fluid layers of 
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 layers are separated from each 

other by intermediate regions where sharp density, 

temperature or salinity gradients occur. This intermediate 

layer effectively prevents mixing between the layers. 

Several attempts have been made to model stratified 

flows. In general, two approaches have been employed. The 

first approach and the least used one is to utilize a 3-D 

model which employs a 3-D spatial network with a fixed number 

o~ 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 widely 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 system, 

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 
(17) 

and Abbott • The model assumed a 1-D two-layered system. 

Convective terms were included, as well as an expression for 

the bottom slope. The authors added terms to the equations 

which account for mass flux between the layers. But for this 

study they were assumed to be zero. The equations were solved 

by using an implicit finite difference scheme. 
(18,19) 

Lee and Liggett modeled a lake which showed 

thermal stratification. They used a hypothetical lake with 

arbitrary bottom and shoreline configuration. Their model 

was a steady-state one and convective terms were 

neglected. The 2-D equations included only the Coriolis 

acceleration, the pressure force and vertical friction terms. 

Due to the numeruous approximations, quantitative accuracy 

appeared to be doubtful. Neverthless some qualitative 

conclusions could be drawn. The interface slope was found to 

be greater than the free surface slope by a factor of6JI3 
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(Ag=density difference between the layers, g =mean density). 

Magnitude for surface currents was less in the center of the 

lake than near shores. Downwind transport was observed t~ be 

greater near the shores. 

A numerical model of flows in stratified estuaries is 
(20) 

that of Hodgins et a1 It is an unsteady-state two-layer 

depth-averaged model of the Fraser river estuary in Canada. 

The model is 1-D and includes convective accelerations. 

Friction terms were expressed as quadratic formulations. For 

the interfacial stress, the authors used an amplification 

factor by multiplying the quadratic expression with the 

densimetric Froude number. The resulting four equations were 

solved 
(17) 

by using explicit central differences. Unlike 

in ,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 
(21) 

patterns. Hyden developed a model ( two-Iayered,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. , 
Two-layer, depth-averaged models have been applied to 
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models of sea-straits like that of 
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There are one-layered 
(22) 

Laevastu 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. 
(23) 

. Silmer and Bakioglu developed a two-layer model of the 

Bosphorus Strait. They neglected lateral variations and 

formulated the depth-averaged equations in one dimension. 

Wind stress and convective terms were neglected. The model 

was a steady-state one and assumed no mixing between the 

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 Taiwan Strait by 
(24) 

Yin and Chen The model was designed to predict currents 

induced by tides in the strait. As the strait was wide 

(around 100 km ), lateral variations were included, but 

convective terms neglected. The effect of wind was neglected 

and tide was considered to be the main driving force. A 

finite difference scheme was used for the solution of the 

equations. 

In all these models, some simplifications are made. A 
(18.23,24) 

common one is the neglectance of convective terms 

These terms are nonlinear and they have been shown to 

instabilities in certain schemes. Benque et 

• 

create 
(25) 

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 I-D. Lateral variations were neglected. For very long 

and very narrow flows, this reduction to I-D may be 

justified. However, if the region modeled is wide so that 

secondary currents and circulations are likely 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 is quite rare in 

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

where the primed variable denotes the fluctuating component 

of the velocity vector due to turbulence. These terms are 

called Reynolds stresses or shear stresses and represent 

tangential or frictional forces. When they are not 

parametrized, that is expressed in terms of quantities which 

can be observed or calculated from the equations, they lead 

to a closure of the equations; the set includes more 

variables than equations. Up to now no completely 

satisfactory representation of these stresses has been 

achieved, especially for the interfacial stress term in the 

two-layer models. Generally, quadratic formulations are used 

and these employ friction coefficients the adequacy of which 

is not known for modeled systems. 

For two-layered flows, mixing across the interface 

creates problems. Mixing is usually neglected and it is done 



14 

not to render the problem more difficult. In some cases, 

especially for high shear flows, mixing is signific~nt. 

However, to account for it is very difficult and it remains a 

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

3.1. Properties of Stratified Flows 

Stratification in hydrology is a term pertaining to the 

formation of distinct layers in a water body. In a stratified 

fluid, the densest water forms the lowest layer with lighter 

water occupying the overlying layers. Thus stratification is 

formed and maintained by density differences between the 

layers which are due to temperature and salinity gradients 

and variations in suspended matter concentrations in the 

vertical direction (Figure 3.1.). 

tr-___ s_e_O---,l~e_v-e-l __________ ~c1 e nsity 

depth 

lighter fluid 
layer 

i ntermed iate layer 

heavier fluid 
layer 

bottom 

Fig 3.1. Density 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 vertical 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. Saljnity 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, usually in excess of one kilometer. 

Below the thermocline is the bottom layer, 

and denser water. 

formed by colder 

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 is denser. The saline bottom layer may travel up the 

river 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 ): 

F I 

where 

u 1 ,Uz=velocities of upper and lower layers 

b. 3 ;:: den sit Y d iff ere n c e (f2 - ~-1 ) 

g2 =lower layer density 

JI =upper layer density 

~m :;:mean density 

g =gravitational acceleration 

hI =depth of upper layer 

h2 =depth of lower layer 

(3.1) 

A densimetric Froude number less than unity indicates 

subcritical flow and stable stratification. 

3.2.2. Internal Waves 

Internal waves form at a ~ensity 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 is a type of interfacial mixing. Molecular 

diffusion is usually neglected as its magnitude is far less 

than that of turbulent diffusion. Turbulent diffusion is a 

two-way process where equal volumes are exchanging places. 

Interfacial mixing is the combination of these two 

processes. It is very difficult to determine the degree of 

mixing in 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 relative density difference between the layers. 
(28) 

Abraham et al conclude that the interfacial shear 

is influenced by turbulence both at the interface and bottom. 

They expressed the interfacial shear by a quadratic equation, 

which is the most widely used one. Their friction 

coefficients, however, are highly empirical. 

20 
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IV. THE MARMARA SEA 

4.1. Geographical Setting 

The Marmara Sea is located in northwestern Turkey, in 

the Marmara region. Its coastline is shared by Thracia and 

Anatolia. It is an inland sea but has access and is in 

continuous water exchange with the Mediterranean Sea and the 

Black Sea via the narrow Dardanelles and Bosphorus Straits 

(Figure 4.1, Table 4.1). 

Table 4.1. 

Surface Area 

Maximum depth 

Mean Depth 

Length 

Width 

Some physical data on the Marmara Sea 

11352 square kilometers 

1335 meters 

300 meters 

280 kilometers 

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, Av~a, Pa~aliman1 and imral1 islands. Two 

bays ( Erdek and Band1rma ) exist on each side of the Kap1dag 

peninsula which formerly was an independent island but now is 

connected to the mainland by a tombolo. 

The eastern coastline, again belonging to Anatolia, 

consists of two large bays. The Gemlik bay extends 40 kilo­

meters into the land and is around 15 kilometers wide at the 

mouth. The 

the izmit 

Samandag peninsula separates the Gemlik bay from 

bay to the north which is narrower but longer, 

penetrating about 60 kilometers into the land. 

The northern and northwestern coastline, belonging to 

Thracia, is strikingly regular, lacking both bays, peninsulas 

and off-shore islands. The shelf along the coast is, but, 

very narrow, rarely extending behind 10 kilometers. In some 

places, within a few kilometers, depths as great as 500 

meters are encountered. 

The shelf covers around half of the sea's area. The 

remaining portion is occupied by the slopes on the shelf 

edges and three deep depressions. The depressions lie in a 

more or less straight line. Separated by sills, they attain 

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

The Marmara Sea basin is thought to be an extension of 

the North Anatolian fault line. The depression forming the 

basin stretches from the Sapanca lake to the east to the 

Saros bay in the Aegean Sea. 

The sea is relatively young, having attained its present 

shape in the Quarternary period. It is thought to be a 

remnant of the great Sarmatian Sea of the Miocene epoch ( 
(32) 

inand1k ). The Bosphorus and Dardanelles Straits are 

believed to be drowned river valleys. In its geological 

history, the Marmara Sea has been repeatedly flooded by the 

Mediterranean Sea, the most recent flooding occuring after 

the last glacial period. 

The bottom of the sea is little investigated. Only in a 

few places have sediment analyses been made. A sediment cover 

of 1700 meters thickness is present which sits above 

carbonate rocks, tuff and clay. The layered sediment cover 

with alternating fresh and salt water fossil species reveals 

the evidence of the repeated floodings of the sea by the 

Mediterranean Sea and the interaction with the relatively 

fresh Black Sea during the interflooding periods. The recent 

sediments laid down after the last flooding consist of mud 

and are rich in foraminifera skeletons. 

4.2. Physical Oceanography of the Marmara Sea 

The Marmara Sea is a small inland sea having access to 

two larger sea basins, the Mediterranean Sea and the Black 
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Sea. It is the interaction with these two seas that gives the 

Marmara Sea unique characteristics, the most important one 

being the layered structure. 

There exists a water exchange between the Mediterranean 

Sea and the Black Sea. The Black Sea, due to the excess of 

precipitation and river run-off over evaporation, has surplus 
3 (23) 

water in the amount of around 300 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 loss is higher than the excess 

amount. The deficiency is compensated for by an undercurrent 

from the Mediterranean Sea by the same route. 
(23) 

Stimer and Bakioalu have found out, in their model of 

the Bosphorus Strait, that the loss from the Black Sea 
3 

amounts to 620 km /year. In their model, they calculated the 

supply of Mediterranean water to the Black sea by the 
3 

undercurrent to be around 230 km /year. Close values are 

obtained by solving salt and mass balance equations for the 

Black Sea. 

There is some controversy on the behavior of the 

underflow. It is claimed that the undercurrent does not 

always reach the Black Sea, but mixes with the surface flow. 

It is argued that a sill in the northern entrance of the 

Bosphorus Strait forces the undercurrent to rise and mix with 

the surface waters. Moreover, strong northerly winds, driving 

the upper layer to high speeds, may even cause the lower 
(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 link 

between the Black Sea and the Mediterranean Sea. Like in the 

straits, there exists a two-layer circulation pattern in the 

sea. The upper few ten meters are occupied by fresh and cool 

Black Sea water, succeeded by an intermediate layer of a 

maximum thickness of 25 meters. The remaining bottom layer is 

occupied by Mediterranean water, being relatively warmer and 

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

upper layer 
(Black Sea water) 

pycnocline 

lower layer 
(Mediterranean water) 
~ 

Fig. 4.) Layering in the Marmara Sea 
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To get a more clear picture of the layering 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 in 
(36) 

February, 1982, will be examined • 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 is situated between Ho§kBy on the Thracian 

coast and the Marmara island. The depth at the station is 140 

meters. Measurements of temperature and salinity have been 

made at the surface and at six depths (10, 20, 30, 50, 75 

and 100 meters below sea surface). Table 4.2. displays the 

results. 

Table 4.2. Temperature and salinity at station 18 

Depth (m) Temperature (C) Salinity (ppt) 

0 7.28 24.583 

10 7.21 24.570 

20 6.82 24.879 

30 7.18 24.930 

50 15.21 38.271 

75 15.21 38.506 

100 14.80 38.535 
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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 water body with temperatures around 

7 degrees C and salinities of about 24 ppt. After 50 meters 

and down to the bottom, a distinct water mass is observed 

with temperatures of 15 C and salinities of 38 ppt. 

The upper layer is the layer occupied by Black Sea 

water. The bottom layer is occupied by Mediterranean water 

which is heavier, thus remaining below. These two water 

masses are separated by an intermediate layer where a steep 

gradient in both temperature and salinity is encountered. It 

is both a thermocline and a halocline. 

If one looks at densities, the same picture emerges. 

Table 4.3. on the next page displays the distribution of 

density along the depth. 

meters are occupied by light water of The upper 30 
3 

density 1019 kg/m • Below 50 meters, the heavy Mediterranean 
3 

waters have a density around 1028 kg/m. Between 30 and 50 

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

sharp density gradient, a pycnocline ( Figure 4.5.) 
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27 28 density (6''t) 

Or-~----------~~--------~------------------------~ 
15 17 21 25 23 19 

10 

20 

30 

50 

75 

100 

depth (m) 

Fig 45 Density profile at station 18 
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Table 4.3. Density versus depth at station 18 

3 
Depth (m) Density (kg/m ) 

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 
3 

density. Roughly, density decreases by 1 kg/m for a change 

of +5 degrees C, but increases by the same amount for a 

change of +1 ppt in salinity. Thus the density lowering 

effect of the temperature is greatly offset by the large 

increase in salinity. 

This layering is encountered allover the Marmara Sea 

where depths exceed 50 meters. In areas shallower than 50 

meters, the lower layer is either very thin or 

indistinguishable from the pycnocline. 

In the upper layer, the temperatures and salinities 

increase with depth, although not comparably with the sharp 

gradients in the pycnocline. This suggests a transport of 

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

pycnocline. 

The thickness of the intermediate layer changes - from 

station to station, as well as the gradient. The 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 6 

with 29 meters. 

This variability in layer thicknesses makes it difficult 

to determine even the near exact location of the pycnocline. 

As the upper layer is considerably thin, external effects on 

it will easily be felt by the pycnocline, such as strong 

winds. Increased turbulence in the upper layer, caused by 

wind stirring, will erode the intermediate layer and entrain 

it. 

The above conditions apply only for winter as the survey 

was conducted in February over a span of 3 days. It is not 

known how the profiles look like in other seasons or whether 

the stratification is stable throughout the year. However, 

some qualitative conclusions may be drawn. 

It is the temperature that shows significant variations 

seasonally. The salinity distribution is not much affected by 

climatic conditions. This has been verified by the survey 
(35) 

conducted in the Gemlik bay It has been found out, that 

although temperatures show a wide range of values yearly 

( 6 C in winter, 23-25 C in summer ), salinities do not 

change significantly. Furthermore, the survey has shown that 

the pycnocline is present throughout the year, changing only 
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in thickness, being two or three meters thicker in winter. 

Thus the stratification is stable throughout the year. 

Although it has not yet been verified by surveys,- the 

same situation may be assumed for the Marmara Sea. As the 

salinities do not change significantly throughout the year, 

the stratification may be regarded as stable the whole year. 

4.2.2. Horizontal Distribution of Water Characteristics 

in the Marmara Sea 

The horizontal distribution of surface temperatures 

throughout the Marmara Sea is nearly homogeneous, both in 

winter and in summer. There is only a change of 1-2 C between 

the straits. For the lower layer, only winter values are 

available and these show almost no change. Thus it can be 

concluded that the Mediterranean water passes the Marmara Sea 

without any significant loss of heat. 

The horizontal salinity distribution shows some 

differences. Salinity increases as one moves from the 

Bosphorus Strait to the southwest. This shows that there is a 

flux of salt from the lower layer to the upper layer. 
(37) 

Pickard states that the water leaving the Black Sea with 

a salinity of 16 ppt reaches the Mediterranean Sea with a 

salinity of 30 ppt. The underflow, leaving the Mediterranean 

Sea with a salinity of 38 ppt, has it reduced to 35 to 30 ppt 

by the time it reaches the Black Sea. Pickard concludes that 

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

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

A plot of the change in surface salinities with 

increasing distance from the Bosphorus Strait will indicate 

the extent of mixing occuring in the Marmara Sea ( Figure 

4.6. on the next page ). 

The figure clearly shows the increase in salinity with 

increasing distance from the Bosphorus Strait. Considering 

two stations which are furthest apart from each other 

(stations 1 and 25), the increase in salinity is 5 ppt in 182 

kilometers or 0.027 ppt/km. If it is assumed that the 

increase in salinity of Black Sea water is 4 ppt along the 35 

kilometers while flowing through the Bosphorus Strait, a rate 

of 0.11 ppt/km is obtained. The rate of increase of salinity 

along the Dardanelles Strait comes out to be 0.08 ppt/km 

These are rough values but it may be concluded that the 

straits 

(around 

contribute· to much of the mixing of the 

87% ) and there is considerably less mixing 

Marmara Sea. 

layers 

in the 

In contrast to the horizontal salinity 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 

kg/m 
3 

kg/m 

g =1019.28 
1 

J =1028.65 
2 

h =25 meters 
1 

h =300 meters 
2 

-5 
the densimetric Froude number comes out to be 8xlO This 

number is far less than one, so the flow is subcritical. Here 

h2 is taken to be the mean thickness of the lower layer. 

There are coastal regions where the lower layer attains 

thicknesses less than 20 meters. Even in such cases the 

Froude number is less than unity. 
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V. THE MODEL 

5.1. Basic Assumptions 

Considering the stratified flow pattern prevailing in 

the Marmara Sea, a two-layer, two-dimensional, depth-averaged 

transient model has been constructed. In formulating the 

governing equations, the following assumptions have been 

made. 

i) Vertical accelerations are small enough compared to 

the gravitational acceleration and are neglected. 

ii) For each layer, 

the flow depth. 

flow properties do not change over 

These are the underlying assumptions for depth-averaged 

models. As discussed in chapter 2, the first assumption 

enables one to drop the equation of motion in the vertical 

direction •. The second assumption allows the integration of 

the equations over the flow depth, obtaining depth-averaged 

variables and equations. Thus the support of the system is 

reduced to two dimensions by eliminating the vertical coor­

dinate and velocity component. 

iii) The intermediate layer is assumed to have no 

thickness. The layers are separated by an interface. 

Each two layer system has an intermediate region between 
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the layers as outlined in chapter 3. In some systems, this 
, 

layer has a thickness comparable with those of the others. In 

numerical modeling of stratified flows, however, this 

intermediate layer is defined to be an interface of zero 
(1) 

thickness 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 
(38) 

layers. Davies developed a 3-D model of a stratified sea 

by employing the variation of the eddy viscosity in the 

vertical direction. His model, howe~er, requires accurate 

knowledge about the eddy viscosity profile which is very 

limited. Davies. in his calculations, used arbitrary eddy 

viscosity profiles the applicability of which is quite 

doubtful. 

iv) It is assumed that there is no transport of heat, 

salt or water between the layers across the interface. Only 

momentum exchange is allowed. 

This last 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 use of the mixing concept necessiates the 

introduction of new variables and equations, besides 
(1) 

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 is 

unknown. Rough estimates, as discussed in chapter 4, however, 

indicate that mixing is kept at low levels by - the 

intermediate layer acting as a barrier and the neglectance is 

justified. 

5.2. Governing Equations 

Figure 5.1 displays the variables used in the equations 

of the model. 

sea level 
11\ 

U", ~ h1 

interface 
II' 

u" , Vol h.l 
bottom 

ho datum 

Fig 5.1. '1aritlbles used 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 
2 

the interfacial elevation and h the 
o 

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 

The equation of motion (longitudinal direction ) 

The equation of motion (lateral direction ) 

Lower layer 

The equation of continuity 
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The equation of motion (longitudinal direction ) 

~ 0 

The equation of motion (lateral direction ) 

I 0 

The equations are based on the Eularian equations of 
(39) 

motion and continuity (Pond and Pickard ) . Liu and 
(1) 

Leendertse presented the same equations, with no 

convective terms however, and a combined friction factor. 
(6) 

Lai presents 1-D equations with convective terms. 

fl and Y2 are the densities of the upper and lower layers 

respectively. They have been obtained from the tables in 
3 3 

Appendix I. as J1=1019.28 kg/m and S2=1028.65 kg/m • The 
2 

gravitational acceleration g has the value of 9.81 m/s • 

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 ). 



f s 2.n. .sine 

where 

rL= angular velocity of the earth 

8== latitude 
-4 

~ is 0.729x10 sec and for the Marmara Sea, 
o I 
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the 

latitude has been taken to be 40 41 • Using these values, the 
-4 

Corio lis coefficient comes out to be 10 sec 

5.3. Shear Stresses 

Tw,Ti,Tb represent shear or tangential forces. In this 

model, they have been formulated as quadratic expressions. 

5.3.1. Wind Stress 

Wind is 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 ). 

T %!l. • C(z) • V(z)2 
a 

where 

g :: mass density of air a 
C(z); wind stress coefficient 

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

evaluating the wind stress, the velocity of the wind is 

determined at ten meters above sea-level. The wind stress 
(42) (41) 

coefficient is found empirically ( Wu Safaie ) . In 

this model, the value of the coefficient has been taken from 
(41) 

Safaie as 

C(lO) 1': 5.2xlO-4 • Y(10)0.44 

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 

This 

follo\"'s. 

T ':1i: wy 

(5.10) 

vector is decomposed into its components as 

Y2 •44 . (). 
• Sl.n \/I 

(5.11) 

-4 V2.44. 6.7 x 10. cos ~ 

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

5.3.2. Interfacial Stress 

In stratified flows, layers usually 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 

where 

ul,uzvelocities of upper and lower layers respectively 

J m =mean densi ty 

hl =thickness of upper layer 

h2 =thickness of lower layer 

Ki,K~shear stress coefficients 

The first term in equation 5.12 is the contribution of 

the interfacial turbulence and the second term the 

contribution of turbulence generated at the bottom. For the 
-4 -4 

coefficients, the values of 4xl0 and (11 to 12)xl0 were 

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=I,2 for upper and lower layers respectively and Kr is 

the interfacial friction coefficient. 

The value of the interfacial friction coefficient is 
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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 , -in 

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 4xl0 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 
-4 

Ix 10 

out that varying this coefficient between lxlO and 

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. 

-4 . ( 2 2 )0.5 
Tixm :: fm .4 x 10 u 2 - u ) • (u - v 1 m m 

(5.14) 

.fro 
-4 . ( 2 2 )0.5 T. ~ .4 x 10 v - v1 ) • (u - vm 1ym 2 m 

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 Yenigtin as 



Tbx - f'2 . ( 2 2 )0.5 /..:C2 ... .g . u 2 u 2 - v 2 
( 5.15) 

Tby - f2 . ( 2 2 )0.5 / C2 ... .g .v2 u 2 - v 2 

where C is the Chezy coefficient. 

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

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

mainly used for open channel flows. For the model the Chezy 
(10) 

coefficient has been adopted from Dronkers as 

1/2 
C= 50 m Isec 
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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 
(1) 

describing fluid flow. Liu and Leendertse have given a 

detailed description of implicit and explicit methods 
(10) 

applied to estuaries and coastal seas. Dronkers has 

discussed several finite difference schemes for tidal 

computations in rivers and coastal areas. Flather and 
(11) 

Heaps in their model of the Morecambe bay have developed a 

finite difference method in which they accounted for the 

emergence and submergence of shallow areas in the bay 

( drying nodes). In their approach to modeling circulation 
(5) 

in depth-averaged flow, Ponce and Yabusaki 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 
(6) 

flows,may be found in Lai 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 I-D equations. 
(20) 

et al for their model of the Fraser River 

Hodgins 

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 Yenigun and was 

successfully used in modeling tidal motion in two separate 

estuaries. A nonstaggered computational grid was adopted 

where all variables were evaluated at the centers of the grid 

boxes. Slip boundary conditions were employed at 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. 

c) Boundary condition nodes are those at which boundary 

conditions for velocities and elevations are specified. 

6.3. The Differencing Scheme for Spatial Derivatives 

To approximate the spatial derivatives by finite 
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differences, central differencing which yields second order 

accuracy was adopted. The finite difference forms of the 

derivative of the property q ( which is velocity or elevation 

at node (i,j) ) with respect to the spatial directions x and 

yare 

~~ ( Qi-1,j - qi-1.j ) / 2AX 
4x (6.1) 

~~ ( Qi,j-1 - Qi,j-1 ) / 2~y 

where x and y are spatial increments. 

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

expressed by the difference of the values of the property at 

the two adjacent nodes divided by twice the spatial 

increment. For the nodes at land boundaries, a different 

approach is used, the slip boundary conditions which will be 

described in section 6.6 • 

6.4. The Representation of the Temporal Derivatives 

The Local Integral Method 

In the representation of the temporal derivatives by 

finite differences, a local integral method was used. The 

method was developed by Gunn and Yeniglin is given in Gunn and 
(12) (43) 

Yeniglin and Yeniglin 

The temporal derivatives are approximated at first by a 

forward difference. 

Q
n+1 _ Qn 

~= 
dt Dt 

(6.2) 



where n is the time level and At the time increment. 
n 
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Then, the lower time value of q (q ) is expressed as a 

local integral and the derivative takes the following form 

n+l 
q j

I+l 
2:- qn ds 
2AS 

I-I 

) / At (6.)) 

where s is a spatial direction ( x or y ), .t:. s a spatial 

increment ( x or y) and 1 stands for i or j. 

The purpose of this local integral is to reduce round-

off and truncation errors in the numerical integration 
(43) 

(Yenigun ). Further discretization of the local integral 

yields the following finite diffderence form for the temporal 

derivative 

, dq 
crt (6.4) 

Here A is a parameter which defines the particular 

formula for integration. 

The local integral method has been employed in the 
(12,13,43) 

models for the Milford Haven and Tay estuaries .It 

has been found out that the parameter A had a strong 

relationship to the time increment ( t) employed. For every 

fixed time increment t, there is a maximum value of A (A ) 
max 

beyond which the solutions of the equations tend to be 

unstable. Furthermore the choice of A affects the accuracy of 

the solutions. It has been found out that the greatest 

accuracy was achieved by the value of A at its stability 

limit ( A ) ~ 
max 

This local integral method with its properties of 



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 

procedure is 

time step. In this model, 
(43) 

employed ( Yenigun 

a time splitting 
(45) 

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+1/2 

h n+1/ 2 a ( I~t ) ( hn
1 

. 1 .... Ahn
1 . . + hn

1 . 1 . ) -
l,i,j ... 2 ,l ... ,J ~l.J ,l-.J 

( ~~ )( h~.i.j - h~,i,j )( U~,i ... l,j - U~,i-l,j ) -

bt n n n n n ) ( ) u
1 

. . ( hl . 1 . - hl . 1 . - h2 . 1 . - h2 . 1 . 2bx ,l.J ,l'" ,J ,l- ,J ,1+ ,J ,1- .J 

(6.4) 



n+1/2 u
1 
.. 

t ~, J 

( ~t )U~. . 
2.6x , ~, J 

(-AL )U~ .. 
2A X ,1, J 

n+1/2 
V

1 
.. 

, ~ t J 

( At ) n 2,D.. x u1 . . 
, 1, J 

hn+1/ 2 
2, i, j 

At 

( 
lI.t ) ( n n n ) 

I+2 u 1 . 1 . +.AU1 ,i,j ... u1 . 1 . 
,~+ , J ,~- , J 

( n n ) u 1 . 1 . - ul . 1 . -,1+ , J ,1- , J 

g( h
n n ) (6.5) - h1 . 1 . l,i+l,j ,~- , J 

~~ )( V~,i+1,j + Av~,ilj + V~,i_1,j ) -

n n 
( V1 . 1 . - V1 . l . ,l+,J ,l-,J (6.6) 

6t n n n ) 
( A+2 ) ( h2 . 1 . + Ah2 . . + h2 . l' -,1+ ,J ,l,J ,1+,J 

( ) ( n n ) ( n n ) 
2tlX h2 .. -h .. U 2 . 1 . - U 2 . 1 . -, 1, J 0,1, J ,1+ ,J ,1- ,J 

5-5 

-

( ~t )U~ •• ( n n hn 1. h
n 

. 1 .) 
2AX h2 . 1 . - h2 . 1 . -.1. J ,1+ ,J ,1- ,J o,i+l,j~ 0,1- ,J 

(6.7) 

( ~)( nAn n ) u 2 . 1 . + u 2 . . + u 2 . l' -A+2 ,1+ ,J ,l,J ,1- .J 

6t n 
( 2AX )u 2 . . , 1, J 

n n ) 
U 2 . 1 . - u 2 . l' -,1+ ,J ,1- ,J 

( ~~ ) g( ~ /5i ) ( h~, i+1, j - h~, i-1, j ) -

~ ) g ( (f 2 - f1 ) / f1 ) ( h n2 . 1 . - h n2 . 1 . 
2~x ,1+ ,J ,1- ,J (6.8) 



n+1/2 n n n 
V2 ' 1·,J· = (/1t/A+2)( v 2 · 1'· AV2 ~ ... v 2 · 1')-

• t 1.. , J , ~ , J .: , 1- , J 

( bt/26X)V~tilj ( V~,i+1,j - V~,i_1,j ) -

hn
2 . 1 . ) ,1- , J 

These intermediate values do not have any physical 

significance. They are used 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/2 _ vn1+~/~ 1 ) -
V1 ,i,j+1 ,l,J-

At/~Aw)un+~/~ ( hn +l / 2 hn+1/ 2 hn +1/ 2 .• hn+1/ 2 ) 
(u ~ '1.1,J l,i,j+1 - l,i,j-l - 2,i,j-l ... 2,i,j-1 

(6.10) 

n+1 u
l 
.. 

t 1 • J 
~ (bt/A+Z)( unl+~/~ 1 ... AUnl4o~/~ +:un+~/2j 1 ) -

,lpJ+ ,l,J 1,1,-

(bt)/$l( hn+~/~ _ hn+l/2) 
l,l,J 2,i,j 

( cont •• ) 
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(6.11) 

n+1 
(Llt/A+2)( yn+1/2 + Ayn+~/~ n .. l/2 

) -Y1 ' . :;: 
+ Y1,i,_j-l ,1, J 1.i,j+l 1,1, J 

( 6 t/2Ay) yn+ ~/~ ( n+1/2 v n + 1/ 2 ) f n ... l/2 6t -v1 .. 1 -1, 1., J ,1, J+ 1.i,j-1 U1 i-j , .. 

TI"} ... 1/2 (~ t) / f 1( hn +1/ 2 h n +l / 2 )_ 
w l,i,j - 2,i,j 

Tn +1/ 2 (t:, t)/ Sl( hn+ l / 2 hn +1/ 2 
i,l 1.i,j - 2,i,j (6.12) 

hn+1 
2, i. j ~ ( [jt/A+2) ( hn +1/ 2 

2,i,j+1 + 
Ahn+~/~ 

2, 1, J 
hn + 1/ 2 

.. 2,i,j-l ) -

( /::.t/2j).y) ( hn +1/ 2 hn+1/ 2 ) ( n+1/2 n+1/2 ) -Y2 ' . 1 v 2 ' , 1 2, i, j - O,i,j • 1., J'" , 1, J-

( /). t/2bY)V~+~/~ 
,1, J 

hn +1/ 2 
2,i,j+l 

hn " 1/ 2 
- 2,i,j-1-

hn +1/ 2 
O,i,j+l .. 

hn + 1 / 2 
O,i,j-1 

} 

(6.1)) 

n+l u
2 

. , :: .1, J 
un+1 / 2 ) _ 

... 2,i,j-l 

.. n+1/2 ) ~ u 2 ' . 1 , 1, J-
fyn+1/ 2 At 

2, i, j 

Tn~1/2 (/:.t)/ J
2

( hn~1/2 hn+ 1/ 2 )_ 
b 2.i.j - 2,i,j 

n+1 v 2 ' . 
, 1., J 

( / )( n+1/2 ~ n .. l/2 
:: /) t A+2 v 2 l' ;+1 + AV 2 ' , 

, ttl ,1,J 

( 6.14) 

vn+1/ 2 ) _ 
... 2,i,j-1 

o 0 n+l/2 hn +1/ 2 11+112. 
(~t/2I1y)g(J1/..) 2)( h1,i,j-1 1,i,j-1) +fU2,i,j ilt -

(cont •• ) 



L1t/2~y)g( (S 2 -J1 )/f2 ) ( hn+~/~ _ hn+~/~ ) -2tl,J+1 2 t 1 t J-l 

Tn + 1/ 2 (Llt) / J 2 ( hn ... ~/~ _ hn+~/~ ) -b 2,1 t J o t 1, iJ 

Tn+1/ 2 
i,2 (c.t) /J 2 ( hn+1 / 2 _ 

2. i, j 
hn+~/~ 
0,1 t J 

) (6.15) -

At this second half-time step, the integration is 

carried out for the y-direction. 

Thus the iteration process from time step n to time step 

n+l is carried out in two half-time steps. Terms which are 

not expressed as functions of variables in neighbouring nodis 

(Coriolis, friction terms) are taken care of in the second 

half-time step. 

The time increment t is bounded by an upper value 

which is obtained from the Friedrichs-Courant-Lewy stability 
(43) 

condition which has the following form 

( 2gH
m 

) 1/2 5 1 

where H is the maximum depth in the modeled region. 
m 

Due to its two-layer structure, there are two 

for the Marmara Sea, one for each layer. 

(6.16) 

t values 

Taking the maximum depth of the upper layer to be 40 

meters, the maximum allowable time increment comes out to be 

500/3 seconds. The lower layer, with a maximum depth of 1300 

meters, allows a time increment of less than 100/3 seconds to 

be used. This second time increment limit was adopted for the 

model and time increments were chosen to be less than this 

value. 
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6.6. Boundaries and Boundary Conditions 

6.6.1. Land Boundaries 

At land boundaries, a wet node is adjacent to one or 

more dry nodes. The treatment of land boundary nodes is done 

according to slip boundary conditions. Figures 6.2a and 6.2b 

on the next page show two examples of land boundary nodes. 

The dry node in Fig. 6.2a( i-1,j ) is a node where 

velocities and elevations are not computed. The central 

differences for node ( i,j ) however contain variables of 

node (i-l,j ). To take care of this and to attain a zero flux 

condition across the boundary, the following modifications 

are made. 

h . 1 . :: h . . m,l- ,J ro,l,J 

u . 1 . :: -u . . ro, 1- ,J ro, 1, J (6.17) 

v :a v ' . ro,i-1,j ID.l,J 

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

The variables at the fictitious node ( i-l,j ) are thus 

replaced by those of the node for which the computations are 

done. For the quantity which should have a zero flux across 

the boundary ( the longitudinal velocity component u for the 

case in Fig. 6.2.), a negation is performed. 

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

are done 

h· 'l::h .. ro,l,J+ ID,l,J 
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y 

i-l i+ 1 

Fig.6.20 Node closed in the 1 negative x-direction 

y 

x 

i-1 

Fig.6.2b Node closed in the positive y-direction 
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u .. 1 ::: u .. 
m.l,J~ m,l,J (6.18) 

v .. 1 :::-v .. m,l,J+ m,l.J 

where m=l,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 
(1) 

and elevations at the outflows 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 
1 

and v 
1 

are specified. The outflow is at 

the Dardanelles Strait entrance where the sea-level elevation 

is given. 

For the lower 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 



interfacial elevation h is given at the outflow, at the 
2 

entrance of the Bosphorus Strait. 

In most numerical models, tidal variations are specified 

as boundary conditions, as tide is a primary driving force in 

most hydrodynamical systems. In the Marmara Sea, tidal 

variations of the sea-level are small and their effect on the 
(33) 

circulation is negligible 

6.7. The Computer Program 

A computer program in Fortran V was written ( Appendix 

II) to solve the finite difference equations given in 

section 6.5 • The computations were carried out in two steps. 

In the first step, a separate program was utilized to 

generate initial conditions. In the equations, the convective 

terms were neglected. Moreover, the stress terms were also 

not taken into consideration and a hypothetical bottom 

configuration was used. The first step computed velocities to 

be fed into the main program where the convective and stress 

terms were included and the real bottom topography was used. 

In the second step, the simulation time was 12 hours. Runs 

were made ( on the CDC Cyber 170 on the campus of the 

Bosphorus University) for conditions with no wind and wind. 

Boundary conditions ( velocities and elevations ) were 

specified as time varying functions, increasing from zero at 

the beginning of the iterations to a maximum value after 12 

hours simulation time. 



VII. DISCUSSION OF THE RESULTS 

7.1. The Boundary Conditions and Driving Mechanisms 

7.1.1. The Upper Layer 

The upper 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 density gradients. 

but its magnitude should be small and it was also neglected 

in the model. 

Due to the lack of data at the open boundaries, the 

simulations were carried out with a wide range of 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 without 

wind forcing. The velocities at the boundary nodes were 

specified based on data from a report prepared by the Seyir 
(46) 

Hidrografi ve O~inografi Dairesi 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 layer. Even with 

interfacial elevation differences up to 40 meters between the 

straits, which is quite unrealistic, the sea-level difference 

offset the effect of the interfacial slope. The upper layer 

dragged the lower layer along. 

This inefficiency of the interfacial slope to drive the 

lower layer suggested another mechanism for the lower layer 

currents. The main driving force of these bottom waters, 

however, has up to now not been explained adequately, let 

alone expressed mathematically. 

In order to obtain reasonable results for the lower 

layer, the term which stood for the effect of the upper 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 



7.2.1. The Upper Layer 

The upper 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, 

simulations are given. 

the numerical results of these 

In Figures 7.1 and 7.2 on the next 

two pages, the vector plots are shown. 

As observable from the figures, the flow is 

predominantly to the west. The waters, after leaving the 

Bosphorus Strait, turn to the right and spread out. Near the 

Marmara island, the currents encounter a narrower channel, 

gain in speed and leave the sea through the Dardanelles 

Strait. There exists a faint and not well defined circulation 

in the eastern portion of the sea and a branching into the 

Gemlik bay. 

In the two simulations, due to the large grid size, 

secondary 

reproduced. 

Bosphorus 

too slow. 

circulations near land boundaries are not well 

Moreover, the currents to the east of the 

Strait and along the southern coastline seem to be 

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 lower layer were only dependent on the interfacial 

slope and velocities specified as boundary conditions. 

Several values were specified to the interfacial slope 

ranging from 8 to 15 meters. As for the upper layer, no data 

set existed for calibration and verification. 

In Figure 7.3 the flow in the lower layer is displayed. 

In general, the bottom waters flow in the opposite direction 

of the surface waters. The magnitudes are around three times 

slower than those of upper layer currents. The circulation in 

the eastern portion of the sea is well-defined. 

All simulations of lower layer currents gave similar 

results, therefore they will not be considered anymore. The 

numerical results of each simulation, however, are given in 

Appendix III. 

7.3. Upper Layer Circulation under Wind Stress 

As the simulation time employed ( 12 hours) was not 

long enough to examine the response of the sea to long term 

average conditions, the behavior of the sea under strong 

winds over a small time period was tested. 

7.3.1. Circulation and Water-Levels in the Presence of a 

Strong South Wind 
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The Marmara Region is frequently subject to strong 

winds from the south (lodos). It has been observed that on 

windy days, waters pile up along the northern coasts u~ to 
(33) 

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 northe~st 

with a sped of 17 meters/sec ( gale-near gale ). The sea-

level difference was 16 centimeters. The results showed an 

increase in magnitude of the western-bound currents. ( Figure 

7.7 ). Comparing the results with the first simulation with 

no wind and the same sea-level difference ( Section 7.2.1 ). 

it can be observed that currents nearly doubled their speeds. 

The strong northeasterly wind resulted in the piling of 

waters in the western portion of the sea ( Figure 7.8 ). 
/ 

In the second simulation,a calmer wind was specified 

blowing from northwest with a speed of 13 m/sec ( strong 

breeze ). The sea-level difference was 15 centimeters. The 

wind decreased the magnitude of the westward flow, although 

not reversing it. A counterclockwise circulation, faint and 

not well-defined at its eastern boundary, appeared around the 

islands to the west of the Kap1dag 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. 

be determined. 

that actual 

Lack of data did not allow this correlation to 

So, in the simulations, it is quite possib~e 

conditions in regard to extreme boundary 

velocities and water levels were not met and, 

resulted in loss of information on the flow. 

this may have 



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 

verification of the model. So for further 

calibration and 

use, this problem 

should be overcome by obtaining data sets to calibrate and 

verify the model. 

It has been found out that the greatest uncertainty was 

about the boundary conditions. As they affect the results 

significantly, in future applications, it is recommended that 

the boundary conditions be based on time-dependent data 

obtained under the conditions simulated in the runs. Although 

its amplitude is small, tide should also be included in the 

model as a driving force. 

The driving mechanism of the lower layer should be more 

accurately defined, and expressed mathematically. Besides the 

interfacial slope and the gravitational pull down the bottom 

slope, there should be another force to set up and maintain a 

flow in the lower layer. This force is obviously a pressure 

force arising from the density differences between the Black 



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 layeri this time should be increased by approximately 

threefold. Moreover, for the computation of the transport, 

the average wind stress and the discharges (as inflows ) 

through the straits during the period should be known. 

Secondary circulations in 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 utilize the main model as data donor at the open 

boundaries. This will help to reproduce secondary currents 

more accurately. 
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uATE OF SAMPLING 26/U2/1982 
MAXIMUM OEPTH <M) 720 
\J I i~ D 

DLRECTlOtl 2:!5 
SPEFO (H/~) 1.0~O 

PRESSuRE (N~AR) 100l 
TEiiPtRATURC (0 

DRY aULB 7.4 
WET aUUJ 6.0 

IJEPTH (n) TEMPE RA TURE (0 SALlt-tITY (PpT) , .. ____ .... aa -_ .. _-----_ .. _---
L 6.74 
y 6.63 

10 6.74 
2d 15.35 
4t. 15.53. 
71 15.3 Z 
9:> 15.07 

142 14.79 
19u 14.71 
,!\u 14.48 
.. 76 14.44 
)75 . 14041 

~TATION NUMUER a 
LONGITU~E ZJ 36 36 
LATITUDE 41 53 48 

------......... -.. 
23.H3 
23.0l3 
24.816 
:31.803 
33.4u9 
38.499 
.30.537 
38.568 
.H.568 
38.551 
30.547 
38.562 

COIlRESPOt~DUiG GRID LOC~TION (Ju,14) 
DATI: OF SAMPLING 2~/u2/198l 
HA~lNUH DEPTH (M) 174 
W I I~D 

OUECnON 40 
SPEEo (lollS) 6.110 

~R~SSURE (MUAR). 10n6 
T[.·IPERATURE (0 

IHl'i OUL[) 9,. 7 
WET ElUI..i3 9.5 

tJ£ I'TH ( PI) TE~IPE R;~ TURf. , (C) 
.... __ IIila __ lI'lDcm 

6iltua _____________ 

II 6.27 
1u 6.20 
2\.1 6.71) 
31.1 7.~ 0 
50 14.~4 

7) 15.38 
lOll 15.26 
1~t.. 15.00 

SI.LINITY ( ppT) 

--------------
21.555 
~1.543 
2.s.!:S:)C 
25.249 
37.C;a7 
38.465 
3d. S1 7 
3~.552 
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",EI~Sl Tt (KG/Ml) 

---------------
1u17.5o 
1i.11ij.09 
1 uh. 4& 
11.12<).13 
h2~. 5u 
11..20.61 
1",21).7u 
''''2~.79 
1u2d.8U 
1uZI).d5 
11J20.B5 
11..20.87 

.. EI~SlTY (.-G/l'1j) -----.. ----_ .... -
1\.11",.97. 
11.10.97 
1u1",.1:.> 
11.11'11.15 
1uZo).44 
1u20.51 
1\.120.64 
1u2().73 



~TATION ~UHBER Q 
LOIiCiITUUE 28 1.7 16 
LATITUJE 4U 54 06 
lORRESPONDI"G GqID LOCATION (l5,14) 
~ArE OF SAMPLING 2R/U2/198~ 

HA'lHU~ DEPTH (~) 3U3 
W!UD 

D 1 R EC Tl 0 'i 4 (\ 
SPEEI> (MIS> 3.~4" 

PRtS:iU~E (~IJ~R) 1i)116 
TErJPERATURE ee) 

DRY GULd 9.7 
~IET UULO 'i. 5 

IIEi'TH (~I > TEI1P( RATURf (C) SA LIN1TY (PPT) 
I 

~---.. --.. - ..... ---........ ----
lJ 6.7 f) 
'I 6. ~,'~ 

1u 6.1')0 
2"1 68~6 
4,. 15.47 
67 15.:? 1 
1')'. 

oJ 15.02 
°133 14.~1 
170 14.60 

H.HIOI~ t4UMEI!::R 10 
LO,4GlTIJOE 2~ 1.1 no 
LATITUOL 40 44 3n 

---.. ----... _---
~3.531) 
:: "3. 59 ~ 
24.1(,1) 
25.9u5 
':'0 • .593 
38.559 
3 d. 597 
3&.623· 
38.591 

'O~RESPQ~DING GRID LOCATION (24,11) 
OA"rE OF S'\r~PLlNG 27/uU1932 
MA~IMU~ DEPT~ (H) 510 
Wli~D 

DIRt:CTlON t)tl 
SPEE~ (MIS) 2.575 

~R~SSURi (MU\P) 10n6 
TEI·1PER 4Tua E (C) 

DRY !3 Ul [) 7. 0 
w H IHI!.. U 6. C: 

Jft>TI1 (1-\) lEHP!::RflTURE (0 
..... ____ e!leta::> 

Gl'I.J"~IiD_" _____ ""_ 

u 6.65 
I b.?'} 

1 tI 6a~q 

24 6.78 
41.1 15.511 
6..: 15.10 
81 15.1'2 

12~ 14.115 
165 14.t.9 
~5l; 14.49 

SALINITY (PPT> 

... _------------
23.304 
C!5.(lUo 
25.6.50 
'5.7~9 
30.1d6 
3 d. 017 
33.61.13 
36.012 
38.659 
33.6!i9 
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IIEI'tS, T't <K.G/Ml) ._.------.. -----
1\.10.40 
, ... lu.5~ 
H.lw.95 
lIJ2u.3~ 
1u2ol.5lJ 
11.12;).6& 
luZo.70 
1iJ2u.tll 
1u20,).05 

II E •• S 1 T Y ( .... GI Ml) --------.... _----
h.1~.35 
1","".6, 
11.12U.11 
1u2u.19 
1l120.33 
1 u20. 71 
,,,,2~.76 
1u2-.).a1 
11.120.88 
h.2Q.95 .----.-



5T~TIO~ NU~dER 11 
1..0 tlG IT UI) E 23 1.6 54 
LATITU~E 4G 37 13 
'O~R£SPO~DIHG GRID LOCATION (24,' 8) 
uATE OF SAMPLING 27/02/1982 
r·I"'(I"'U:1 J)EPTIi (11) 70 
W I.ID 

DIRcC nON '?0 
::OPE:::!) (HIS) :!.S-:'S 

I'R';:S~UiH: (ttUAI11 10('\(, 
TErlPERHURE (0 

i)IO' ij'JL.!l 1.5 
WH UULtJ 0.1 

Jr"TtI (a) , T (li Pi: 1\1\ TUtH (0 Si\L.lNlTY (?PT) 
• -.. _--. .., ... --........... __ ..... -.-- ----------.... -

li 6.57 23.259 
1U 7 .. :'10 24.412 
~u 6.Poo ~5.117 
3u 1).44 30.S~1 
5u 15.55 ;)3.441 

~TATIO~ NU~bER 12 
LO,.IJ lTUO E ;:: 8 1.7 30 
LATITUll 4u 21 10 
'O~RlS~O~D'NG 6~ID LOCATIO~ (~5,'5) 
UATl OF SA~PLING 27/U2J19d2 
~A'IHU:1 D~PTH ,~) 5n 
LaIH) 

(lIIHC HOi'. 25 
sp~a~ (~/S) .515 

"R~S~U~E (HUAR) 1Gns 
TE .. 1P!;;IUTURE (0 

DR'll ;jlli .. B 9 .. is 
W t T U Uf..!J 9. 6 

Jf 1"'1 ri (I·j) T Ej·j?f RA TUIH , (0 · .... _GlIea_~~_ _1UZI .. 1!£l .... ·ea .... -_ ... -

IJ 6.75 
1u 6.f)6 

21.1 fl .. 86 
31J 11.B 

SA I.. 4tH T'I ( PPT) 

-... -------------
~2. 649 
j;; 5.033 
,5.511 
:Sj.913 

"~I.Sl H (1lC,; 

---------------
hdo.26 
1 ~ 1 'i •. 1J 
1 ... h.7U 
lLo2.).6u 
1~2o.52 

"EhS!T't (r<G/IU) 

~-.. ----... -------
h .. 17.94 
lL.l'1.62 
1 ... 2w.Cl 
1I..2~.8U 



~TATION ~U~~~R " 
LO 14(. IT UP E ~:1!j 7 I)~ 
LATITUJL 40 37 r6 
CO~RCS?UNOING GrID LOCATION (19,u8) 
VAlE OF SAMPLING 27/u2/193~ 
I,A'<IioiU.~ i)L.:?Trt CI) :.j) 

n 1.10 
01 R t!; Tl OH C) 11 
SflEEO (;11 S) 1.11311 

r'R L S !. U R c ('.1 tj A R ) 1 (). H 
H.rIPLi{ATIJi<E <C) 

()~Y ~iJL~ 11.u 
WeT uiJLLl d.n 

J £.t' T tI (r .) 
... ______ 04 __ --... _-----_..-_--- -_ .. _-----------

l' 
1u 
2u 
3u 

7. 'i il 
7.15 
7.49 

14.74 

~T"TION iw',w'rR 14 
L('i.j(.iITUoE 27 3R '0 
~~TITUJE 40 2a 4~ 

~3.2".5 
':'4.011 
.!. 5.7:J 9 
j7.49" 

Cn~R[SF~~UlNG GrID LCCATlu~ (1~,11) 
u A T[ I) F SA r1(> LI t-.G 271 () ~ 119 6'; 
IIA.,(H:U4 Dt:t'Tii (1) 1Gol1 
.Hllt> 

OlRF.CTlOil 
~r':'€u LI/S> 

i'R~~:;U:1[ Clu~R) 

1 L; I P t. Po .n UR E (C) 

45 
H'.3 
10n7 

DKY UU~U 9.5 
lIe. T. UIJLU 7.5 

;ft'TH (i·/J T E 1\ 1'1' RAT U R:- (0 
~. ___ o.a_"1IId1ll$ ... 41 ..... ______ •• ____ 

Ll 6. 7,~ 
'} 6.n'} , ') 0.01 

"l ' 
t. u q.1 Z 
41 15.:1) 
71 15.11 
r)) 14 • ., 5 

14<-: 14.73 
1tJu 14 .t:,1 
.. 3:.. 14.45 
47ci 14.42 
':J7u 14.42 
174 14.45 

SALINITY (PP T) -----.... --.. -.. -~ 
;;4.419 
;:4. S.L) 
d.41 ~ 
27,,91:' 
j.3.447 
j3.535 
~Q. 553 
3d.5J1 
~d.5011 

.B. 552 
30.:i43 
30.5t.;1 
~j.541 

---------------
11. .. 10.65 
1ul'J.45 
11.12",.1.) 
11,,21.97 

L,oE.hS1T ... (I\.GI "~.5) 

-~----------.. -.. 
l~li.lo 
h1v.2iJ 
lul')1.Ij~ 
1u21.7.) 
lvl<.>.5d 
,u20.6'i 
,,,,2,,.7,< 
lu2 .... 7d 
1I. .. 2<l.8~ 
11.20.83 
h.21.>.o::i 
h:2w.80 
lv2<.>.c..4 
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:.T"TIO .... fIU:I..;!:R 1'>' 
LO,H,lTULl£ ::1 5.1 Od 
LHlTu.,)t. 41J 52 5 1j 

~rlla:[:~t>IJ:lLdiIG "''lID tOCAT10N <1'1,14) 
LIAr!:: OF SA11PLINii 2~/112/1(J.j~ 

;.,6,,( HIU" iH. PT Ii U) 11)0 
1.1,1[\ 

1>J.~':~T10fj 711 
$j'::clJ 0\1 S) .croG 

t'R":SSUIH. I..~U.\R) hV,5 
'f(,IPERAIURE (0 

[\ t{ Y d IjL,. d 1. :i 
~J L T u IJL J ';). C 

.Ir I'T n C:, ) TCld'[l(tTuRr (0 
... _ .... a. ____ _ .... _ .. _----... _----

Ii 7.1';' .. 7.12 
14 7. nn 
~1 7.1'..1 
34 15.11 
5.) 15.32 
60 15 • , :) 

H' :j l4.l')l 
14" 1[,.'75 
... 17 14. ~ 5 

!.iT t\ Tl O!'oj :'iuIHl ER 16 
LO I~G IT uoE 2.7 .l.~ 3J 
LATITUO~ 4L 44 42 

5AL1Nl TV (PpT) 

-.. ---...... ------
~4.9J·.i 

.;':4.912 
·~4.~11l1 

"j. ,.;,~ 1 
.)6.0)14 
.)J.I,.~3 

lS.Sj!5 
.)3.502 
~ -:). S) ~l 
';)d.540 

I,;(\I\RES"(J;~OING G~10 LOO-TJON' (14,11> 
IIATE. OF :if\:'\PLlNfj ::;./(.l.:'/'<)·1~ 
HAAlhlJ"i tlt:.PT~ ('1) 'Hj('\ 

~;I .4D 
(\ I ~ ~C TI 011 L ~ 
~P£::O (ill S) 4 • .!~l~ 

r'R'~~Su"~L. (~\l.i.\r.) Hl',C/ 
H,iPt.:RHUi\E (0 

D iO \J I.JL u t;. fI 
~lT lJoJL:J 5.[' 

.JErTIi (I'll T L !'II'[ RP. TIJ j( [ (C) S i\ L.L In T't (PFT> 
_1Iil> __ "_QCl&l!I@IlIt.::l ----_ ....... -_ .. ---- -_ .. _---------

iJ 6.72 ;;:4.2a 

<J o.fd ;::4.21L' 
n :1. ~ 7 2.4.217 
2", 7.1 7 ~ j. 34 ~ 
I. .. 15.1.2 ..)0.202 
b " 15.~r. .)o.:>l1 
SQ 1').,'1,) .5ci.50:1 

lor . ...... 1'j.1l. 0 .)6.616 
'17'1 15.65 :.H.t.~4 

... 6'1 15.59 ,H.6.!5 
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... EhS!Tt ("'GOd) 

~-~~ .. ---------
11. .. 1'1.49 
h,ll.51 
lL.h.51 
'~1'll.97 
1~'~.24 
'~2w.61 
'",2~.oo 
11..2 ... 15 
1 ... 2 ... 7'1 
1L.2 .... 11..) 

~ £1. SIT Y (KG/M3) 
--------_ ..... _-----

1 .. 1j.G~ 
lL.l'i.u"! 
1 .... 1·J.(j.:/ 
11..1'1.oS 
lIw2~.41 
1",2w.e..) 
Hdu.9;! 
'1J2~.8u 
1 L...2o. o(J 
11.121J.80 



~ThT1UN :W!lIIER 17 
LO ;1G IT UD (; 27 3.'1 3:\ 
LATITUI,)L 4u 52 fi6 
1.:('r1R,;.SrOqOIIHi GRII> LOCATIuN (14,14) 
LI i\ r I: I) F 'j ,', t" P Ll f'i Ij 2 . -: I iJ ~ I 1 ') j.:! 

I,!,A!I,U"I JlPTIi ,~\) 1['4(' 
1/ I ,Il' 

[) lfl ., C Tl () rI t. 5 
~ t' .: ~ i) ( 11, S) " .. 0 f) C 

t' j; ~ S ~ U ~ £ (.·Ill' H ) 11! 1\ 6 
1 [, I P t: 11.'1 UR S (C) 

O;';Y ..i'JLJ 7.~ 
\J U t,jIJL u 5. C 

..lft-'TII (i;) rn:rrp'.TUR[ (0 

') 

1 " 
27 
L,j 

61 

',3 S 
1~1 
.:.7 .. 
.. 6) 

, --.. _-_ ... _-_ .. ----
C.n1 
{). ~:; 6." l) 
7.: 6 

15.23 
15.? 0 
15 s C'4 
14.36 
1t..63 
14.511 
14.43 

~Tt\TlOf\j ·iu·luF.1? H 
L 0 ,j(j 1 T U ()£ ::. 7 Z5 54 
LATlTU:)l lou 4'; 13 

S~Ll:-;lTY (PPT> 

t.4. ?.J 7 
~.3. 61 () 
-':'4.4~7 

o.:5.4,j6 
.5:;.2::>2 
.B. 51:) 
jd.S49 
3d.S73 
's·::).563 
3d.577 
,S.:>.50) 

('llt<R;;:7,;:>O'IOIH.:i t.RID LCC\TIUN (ll,.,vn 
LJHL 0 F ')';i'PL! f,1j Z,;/v:!1193.! 
Ii.a. ,( ! I,; U.~ j) t: P T Ii <:,) 1 40 

ri! I! l) 
Olr.o.:~Tl()1i 1.5 
~~~~J (MIS) 6.1~C 

r'R::S$U'h. c~u~n F)n6 
If..lP:~''lUkF. (e) 

[l RY J UL:.J l:'. t,: 

lILT uULJ 5.['\ 

TEI.?U'iiTlJR( (0 , 
..... $a_c.- .... _ ... Caoo _ ------------_ ... -

11 ! ., . 
• I.. 

70:.' 0 

7.~1 
() • r., 2 
7.1;.. 

15.: 1 
1'i."1 
14.'1'1 

SJ..LlNITY (PpT) 

24.')03 
;;:4. 57l' 
':'4.619 
.:. 4. 9.)'J 
'):).271 
j,j.5u6 
j.').555 

'" E.I~ S 1 TV (r<. G /1", j ) 

1 ~ h. r!2 
1,",1 .... 71 
h;1i.19 
11..1'}.86 
h~u.44 
11..2u.t.~ 
1",t...).7.:. 
1u2 .... 70 
11. .. 2 .... 8.;. 
11..2.:..oC! 
1",2.).60 

--------------.. -
11..1'7.2.:) 
11...1'7~2.:i 
I ... l'I.S~ 
1",21,).3\.1 
1LZ".4c. 
lu2o.o4 
1 1..2",. 7u 
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:>T,\Tl(H rW:1JiO'R 19 
LO,j(, 1 T U[) E ~ 7 2.4 (1:1 

L·\TITu,)[ 4', 33 55 
\.Oi:F:LSi'\;WIIIG Grl!'l 1.')C~TILlN (1u, 7) 

VATE OF ~A~rLINS 21/u2/19d2 
H f:. Xlii U'~ Ll i.: P T rl C\)o 7 
"I.W 

D If: ;:C r 1(HI 
~P:F.LI (i~/S) 

I c: , .. 
7an.S 

1" (16 PP';::'; SU ;<t.: (:1U,'~) 

TE;lPLi~;TLJi<[ <C) 
[J"Y l,jULd 8.(', 
\1':' T 0 IJL LIS. 5 

Jft'T H (~ d TF.nPERATU'H , (C) Si\ Ll NI T't (PP T) --------- -_ ..... -_ .. _-_ .... _--- -------_____ ~.4 .. 6.06 ~S.3,)4 
1 ~, 0.'\5 25.;61 .. ' 
2u 6.71) .:5.6j4 
3L 14.'12 37.2~4 
5L 15 .1 ~ 33.343 

:;;Tt\T10,~ tlll'~~'~R ?f' 
LO,j(jITllvE ;:'7 :~.? 24 

L~rITUJE 4Q 32 48 
i,;O,IP.ESP0~IDWG GRI~ Loe!',TIUN (14,7) 
UArL OF S~MPLING 27/u2/1Yd~ 

1 ,fd I h lH V E P T rl ( '1) 02 
villI {) 

[J 11< i:C TI OrJ 
S P EF D (:11 S) 

i-' R ..: S s U~ ::. (l.1:J':7) 
T £.j P [R .n tj I: E (C) 

~r\ 

'?'.5"?) 
1 C": 7 

D ,n I.J llL ~ 't .. 9 
WtT uUUJ 7.1 

JfPTH (1) T [,'jPF Rt, Tljl~ r (C) _ .... __ .. _ ........ - _..;Io.~ __ ... ___ ..... C!IOI ___ 

IJ 7. c; I) 

1u 7.::: ) 
?u 7."0 
"'d." 11 .4S 
r;u 14. ":' 'I 

SALltHTY (Pp T) 

--------------
":.5. ",,-1 . 
24.7u"1 
':':5.499 
j.5.932 
::'3. 5'1 ~ 

---------------
11..1',,'.92 
I "I 'I. ? 1 
lu2u.1Z 
1"'21.90 
1"2,,,.54 

"Ei'. S 1 TV (KGI N3) 

h,lc".J.,. 
1l.1.;..69 
1~1'Y.9~ 
11..2).79 
11.,'::".72 



~T.-\TI0~1 NU,'llE~ 2' 
LO,~G1TllDE 27 311 4.~ 
LArrTUD~ 4u?2 ~n 

C(),~Rt;:SPOr~ilWG liRIO LOCATION (14,03) 
UHf. OF 5A:1PLlNG n/u~/1Y,j~ 
li!\,uliUi1 Oi;;PTli HI) .36 
Ij I 1.0 

t'Ip.eCTlON 315 
S PEE 0 ( 11/ S) • 51 5 

t'1l":SSIJRe, (niJAr') 1CC6 
H·IPCR 4.T u~ E (C) 

DR\, tHJLLJ 9.5 
U( T UiJUJ 7.5 

SA LI IH TV (P P 1) 

Li 

l ' • \. 

_...:.- ... -----_ ... _---
7.')5 
0.31 
tI."?7 

11 • ~ 6 

!l T Ii T I O'~ f'.lU ;.\ll E R 2 ~ 
L~ ,IGITUI) E 27 ::.0 42 
L.a.TJTUi:>l. 4(1 22 4~ 

~ 5.543 
25.600 
25.883 
::;3.713 

\;rJ,/F(~Sr'(ji'lDIrjtj Gr.!/) lOCATlor~ (11,3) 
~AT[ OF SA~PLING ?7/U2/1Y32 
I-i A .<I IW ;'1 ') i:. P T H (I,) 42 
..I!.W 

DIRC:CTlOti 
SPEED C-" S) 

t"Rt.:~SUKl (i1LJ.o.P) 
TEdPLKHUI~E (C) 

DK\' tJtJLEJ 1 2. !-~ 

ti \':T J·JL.a 9. 'Z 

.J r t" T H ( 10 S"LlIIITY (f'PT) 
_..J ____ •• ___ •• __ ...... 

:;'Ti\TIO~ NUi1bER 23 
1..0 IG IT U:J E ~ 7 11 3G 
LHITU Dl 4(1 33 en 

::5.6 .. 6 
~5.<}49 

;':0.124 
.)o.5'l1 

COKR~SPO~D!NG GPID LOCATION (6, 7) 
~'Tl OF SAM~LING 27/02/19R2 
iIA'<hIU.l OLf'Tlt (-1) 07 
wl,W 

DlR:=CTlON 
:: P EE (J ( ~1' S) 

t'RCS~URL C1u.\r) 
TL.,\PCRATURE (0 

45 
8.2lf.n 

1 (\Ii 6 

(lHY J'JLH >:.. n 
\/ t: T 8 UL ~ 5. 5 

vE r-T H (i" ) T rroPE RA TUR r (0 5), L.I. Nl n (Pp T) , ------------------------.-----•• _ ... _ ....... 8 __ 

U 6." ,~ i5.360 
1U 6.°5 25.4l1 
2u A"r-) 2 5 .. 692 

3u 13. 'I ~ 35.4')) 

~G 15.(15 J~.5JIJ 

-_ .. _-----------
h,1'I.9S 
'1,;21.1.29 
1\.:2u.32 
h.2).7'j 

h .. 2u.C4 
1u2u.37 
1~2G.5lJ 
1..,';;(.41 

1i.l,..9u 
11..1'1 .. 43 
1i.21...1) 
h;':;".70 
llJ2u.7lJ 
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$T,\TIOI'l NUrluE:R ~4 

LO,HilTUI)':. ;:'7 en 12 
LArITUJl:. 4(13';' 43 
C 0 rH~ ESP 0 ~'UJI II G (j P I () LOU TI iJ I j (S , 6 ) 
u~r~ OF SAMPLING 27/J2/1?d2 
IIAAlhU:l Ji::t'Trt ('1) 52 
Li 1 It' 

DIflECTIOII 75 
~P~':I) (~l/S) b.U n 

p P L.. S S U !h. (:.; u .\p ) 1 Wi 0 

lUPLRATURE (C) 

L) , .' 
21.1 
3lJ 

D ,~y ,,{ IJL i3 
!Jd t3'JL!J 

._ ......... _----_ ... _-_." 

i-, •. ~: ~ 

6.;:;11 
13.67 

~Tr\TIor~ NUi1 Ij':R ;>5 
LOilfjlTUUS 20 ",0 ~4 

LAilTUiJL: 4iJ 20 1a 
C(1!{RESPOflDlrIG GrID LOCATION 
uATL OF 5A~PLING 27/U2/19d2 
1..:\,(I",U'I ')LPTri (I\) .;:3 
~J I:H) 

()If{~CTIOtj 145 
SPE:o (MIS) 2.575 

~R~SSUR~ (MLlAR) 10 0 0 

TE,I?ER'\T UK i; (C) 
() R Y tJ UL tJ 9 .. I) 

lid tJULl3 '1 .. 7. 

uFI'T II U:) T (i-IrE. Rt, TURf ([) 

1" 
2u 

, _ .. e_IO:ilI __ " ___ ~. ___ •• 

7 a ile; 
7.110 
6.7') 

Si.LlNITY (PPT) 

'-5.152 
..:).1.:..7 
25.3.J1 
37 •. 302 

uUT ~F GRID 

S ;.. L.I. IH TV ( P P T ) 

--------------
25.2.::1 
25.217 
.::).559 

II. h. 71 
1 ... 1/.14 
1w1i.85 
11..20.11 

.... _------------
1,,1'1.70 
lul'J.7b 
lL,Z..,.07 

100 



APPENDIX II 

COMPUTER PROGRAM LISTING 

101 



102 

? R J G r< A.I dAR ( d D N I) 1 , C A 8 S 1 , R r s 1 , V H R D 1 , R 01 , TAP E 1 f1 = 8 I) N D 1 , -i APE ~ = \: " a 
* T A I) F 1 2 = R t: s 1 , TAP ~ 1 1 = V H R 01 , T ft. P El 3:: R 0 1 ) 

iJ I A E j ~ S 1 0 i'i I D ~H 43 , 1 9) , ! R R ( ) ) , I S C A (4 3, 1 9 ) , J seA (4 :3, 1 9 ) , Ii 3 (, 4.) , 1 9 ) 
CO. ,I M u t l / S 1 1 ! P, HI ,IX P , I X r~ 
CO i W i.l ~I / S 2 I J p, HI, J YP , J Y:~ 
CO, i fo1 U N I ';) ;, I H 1 ( 43 , 1 ,) , U 1 (41, 1 9) , V 1 (4.s , 1 9) , H 2 (43 , 1 9) , U , ( • .3 , 1 'i) , 

*.;2(4.5,19) 
COli i·\ ut!I S 4 1 H 1 2 (4 "3, 19 ) , u 1 2 (4 3 , 1 9) , \11 2 (4 3, 1 9 ) , H 2 2 ( 4.s, 1 In 

*,U~2(4J,19),V22(43,19) 
CO,WOt..l IS5/NU(43,19),D5(43,19) 
CO .1 f"' tJ r! 1 ~ 61 S X ( 43 ,1 9) , S y (4 ~ , 1 <) ) 

C01~ON 1~7/AS,q1,R2,R3,R4,R5,R6,R7,RI,R8,~~X,~WY,GR 
rl1J(TA,GK,TT,CSE)=CSE~(T~*GR/TT) 

~~)(rA,DIFL,TT,OUL)=DUL-(TA*DlfL/TT) 
l'U T H L.! .:.!, T I ON 
u=).ci1 
JD=1J19.23 
JD=11J2<:i.o5 
c·\;:r:.(icrq 
iJI=5-.i()i.!. 
LPFO=!uI=!DT=IGR=ITT=ICTI=IDIS=O 
IqL=lNR=ITA=IP~=n 
1~~(1)=I~R(2)::tRR(3)=!RR(4)=IRR(5)=u 

r~ ~=lPu='J 

TT.::0.0 
0>0 11 1=1,43 
Ill) 11 J=1,19 
rl1 (I,J )=d12(I,J)=O.'! 
:J1 (I,J )='';1 (I,J )=1. (1 

rl 2 (I, J ) = J 2 (I ,J ) = 'J;:' (I , J ) = '1. C 
J 1 ..! <I , J ) = v 1 2 Cl , J ) = I). 0 
rlZ..!(1,J)=U22(I,J)=v22(I,J)=U.u 
J8'I,J)=~X(I,J)=SY(I,J):;O 
1 S':/I (I, J ) = J S CA (t, J )= 0 
1 () I~ ( I , J ) :; N U ( I, J ) :; C 

11 CO.HINUI: 
,,1=c;>= J .. .J 
.;~ 11.=Pof\1 i=AR1b=O.O 
A 1-i-=r\1 i='\16=0.1 
UD1L=Uu1j=UD1b=1.8 
J8i5=UJ3u=J837=J.0 
1\ 3 j = A 3 0 = A 3 7 = q .. !J 
~aj5=AJ3Q=A937=U.U 
A D t 4 = j\ l) 1 :.; = A D 1 (:) = ,) • U 
JL35:;8L30=8L37=O.u 
r\ P. r = ,; 2 = D 1 = v 2 =u .. J 
JL)=wUu=~LJ:;QU8:;'.n 
I ~ ! 0\:: ,n p = ! JJ i'l = N J P = n 
r p:; I 11 = 1 X P = I x 1'1 = :') 
J P :; J ,'1;;; J Y P = J Y i" = '1 
.~It'=i.jIj:=,JJ P=NJ '~=i 
j( = i.. = 1 r 1.1 ;;; n 
lSC=JS~=J 
~1=R~=R3=r.4=R5=R6=R7=~t=D.0 

I~ s =W =" ~/ = ). iJ 
I~ IJ .,( = R \.tV = j S f..:= ~ S y;: 1. n 
I~I=R:l=LiT=n.') 



lN~UT fRvi~ D"T.~ FILeS 
F I L.E CAi]$ 
K::.\D (9,9u) lEN, CS 

9u Ff)Kl~AT('X,13,',1X,F7.5) 
READ(9,8~)SLX,SLY,SN 

80 FO~~AT(1~,F7.5,1,1X,F7.5,1,1x,F4.1) 
~SAD(9,qj)GR . 

93 f0~NAT(1X,F5.3) 
~~AD(?,94)DIFL,DUL. 

94 FO~fAT(1X,f5.1,','X,F6.1) 
i~~.~D(9,171 )C,FI 

1 71 F 0 ~ MAT ( 1 X, f 5 • 1 , I , 1 x, F 7 • 5 ) 
~ E.\ D (9,92) w, \ \oJ 

92. FOiWAT(1X,f6.3,1,1X,f5.1) 
~EAD{9,9~)UD'4,UD15,U016,A14,A15'A~6 
~e'D(9,95)ug35,U836,U~37,A35,A36,A37 

95 fO,\r:AT(3(1X,f6.3,/),1X,FS.1,/,1x,FS.1,1,1X,FS.1) 
~EAD(9,9u)AS,DT,TT 

90 f 0 ~ ~\ AT ( / ,1 x, F 4 .1 , / ,1 x, F 5 • 1 , I , 1 X, F 6 • 1 , I ) 
~EAD(9,97)1~~,(IRR(I),!=1,5) 

97 fO~~"AT(1X,I1,',5(1x,I5,n) 
fI .. [ guN!) 
1>0 5j2 1=1,43 
~E~O('U,Y9)(NU(I,J),J=1,1Q) 

j 3 ~ CO iH 1 N U E 
99 FORMAT(5X,1912) 

i) n 1 (I 1 = 1 , 4 3 
REA D ( 1 L, 9 3 ) ( I 0 ~H I, J) , J = 1 , 1 9 ) 

1u COHltlUF. 
90 FO~MAT(1x,1914) 

;)C) 203 1=1,43 
vO 203 J=1,19 
lJ3(!,J)=fLOAT(ID1(I,J» 

28..;) CQ,n HJUE 
IN2UT FRU~1 VHRO 
I{!:AO(11,.3CJO) IEN1 

.5 0 U f (B i·1 AT ( 5 ,J x, 13) 
JO 1:J 1=1,43 
R SAD (11,1 ? t..i) (u 1 (I, J) ,J =1 ,19) 
~ ;:: ,\ D ( 1 'j , '1 9 0) (V 1 ( I , J) , J = 1 , 1 9 ) 
f~ =..\ D (11.-19 I» (U 2 ( I, J) , J = 1 ,19 ) 
,~ E .\ D ( 11 , 1 9 ) (oJ 2 ( I,. J) , J = 1 , 1 c; ) 

1:> C ().-IT 1 iJ u S 
190 FOJ~AT(1~,1QF6.3) 

JI/ 191 1=1,43 
JO 1]11 J=1,19 
Ll12U,J)=u1 (I,J) 
111.!(l,J)=V;(I,J) 
u2.!(1,J)=u2(I,J) 
v2.!.(I,J)=V2(I,J) 

191 cn,HlNuE 

10.) 



L.A,~D 8IJUIJDARY CONFIGURATIONS 
DO 350 1==1,42 
00 3..sf' J==2,1 a 
!F(NU(I,J).~Q.0)GO TO 3~1 
IF(N~(I,J)8EQ.-1)GO TO 33? 
;j() TU ~3u 

332 ISCA(I,J)=4 
JS';A(l,J)=4 
.jO TO j3 1J 

.)31 ,U?=i'iU(I"'1,J) 
I~L'I=i"U (1"'1,J ) 
IS~A(I,J)=NTO(~lP,NIM) 
.~ J ,., = i'i U ( I , J"'1 ) 
:~Jo1=!'.U(I,J"'1 ) 
J $ ~ P, (I , J ) = NT 0 ( N J p, /'IJ M) 

::i3lJ CO,HHIIJE 
;0 310 1;:1,43 
DO 310 J=1,19 
rl'~(I'J)=H1(I,J)=CSE=14~0."'GR 
rl2~(I'J)=H2(I,J)=OUL 

J1J CQ, .. TINUf. 
INLTIAL COMPUTATIO~S 
JOJN~ARY CONOITIONS 
~A.,~Di\N~LLEN aOoJND.\RY 
J 2 (1 ,4- ) = U 22 ( 1 , 4) = U 01 4 * C () S D ( 45 \.1 • U A 1 4) 
J 2 (1 , 5) = J 22 ( 1 , 5) = U 01 5 * COS ~ ( 45(; .'. A 1 5) 
i.J 2 (1 ,6) = J 2 2 ( 1 , 6) = u 01 6* COS D ( 45;j .... A 1 6) 
1/2 (1 ,4)=IJ22( 1,4)=U01 4*SlN\)(45u ... ·A14) 
J2C1,S)=IJZ2(1,S)=UD1S*SIND(45Q.-A15) 
" 2 (1 , 6 ) =" 2 2 C 1 , 6) = U D1 6" SIN 0 ( 45 oj • - A 1 6) 
JO~PHORUS 80uNOARY 
J 1 (3:;;, 1 6 ) = J 1 2 ( 3 5 , 1 6) = U 3 3 5 * COS D (4 5 ,j • - A 3 5 ) 
J1(3o,1o)=U12(30,16)=U836*COSO(45U.-A36) 
u 1 C3 7,1 6) = IJ 1 2 ( 37,1 6) =\J 9"57* C C S 0 (450. - .\3 7) 
'J1 (3:;i,16)=IJ12( 35,16)=U835*SINO (45tl.-A3S) 
J 1 (30, i 6) = 'J 1 2 ( 36,1 6) =u 8') 6 * SIN () ( 4 5'j • - A 3 6) 
J 1 (3 7 , 1 6 ) = 'J 1 2 (37 , 1 6) = U ~ '3 7 * SIN D (4 51J .... 1\ 3 7) 

.H ,H) Fl ELD . 
'.~ S !.. = c 0lJ n 0 7 * ( :~ '* it' ( 2 .. 44 ) ) .. cos i) (4 5 ' .. - A .4 ) 
J S t = .. G ( :"'107"* (,.J" * ( 2 • 44 ) ) '* S It Ii) (45 i'l ..... A W) 
S Ii J R T Ii 0 TAT 1 ON S 
~1--=1 .. /(.!\:;)+2 .. ) 
~2=DTI (2 .. *;)0 
~3=R2"'u 
~4--=R~*(U~/GD)*CS 
,(s=P.s*«dD-UD) /80) 

1~6=DT*CA 
t<7.::(,jO-Ui) I'dD 
~ ~J ,\ = .-J S X '* l) T I U f) 
rHH=',;ISY*i.>T/UD 
~I.::DT*fI 
i<8=DT*1J1 (C '**~.) 

lO~ 



IJUTPUT FILE 
IDI=INT(L>I) 
ITT=INT(TT) 
! D r= 1 N T (L>t ) 

ICTI=ITT/luT 
1015=0 
~R!TE(12,2JU)IeN,lTT,IDIS,IOT,ICTI,IDI 

2eu fO~MAT(II,4JX,2QHRESULTS nF ~X~CUTION,1x,13,11,31X, 
*' 1 5 d SIt' U LA T I o;~ TI t·1 E ,1 x, I .) , 1 x , 7 H SEC 0 N L) S, I , 3 U X , 

105 

*' .5 2 rW ~ X l'lI.Hl ALL 0 W A t3 L ~ T I 11 S !J'J eRE M HiT , 1 x , 1 3, 1 x , 7 H S s: CON 1.1 S , I , .3...J X , 
*'~3~Tl~~ INCREM~NT ~~PLOYEO,1X,I3,1X,7HSECONDS,I,30X, 
*'';)4rlCORHE5?ONi)l~G fIU~16r:R OF ITERATIOI'iS,1x,14,1,3JX,13HGidIJ .:;lSTM.ji 
*' , 1 1.., 14,11..,0 H ,~C T S R S , I ) 

254 JRLT~(12,202)UD,8D 
202 FO~~AT(/,3GX,19HUPP~R LAYER DENSITY,1X,F7.2,1x,7HKG/~**3, 

* I , .)(i X , 1 9 rl L 0 \E R LilY F. ROE N S IT Y' , 1 X, f 7 • 2 , 1 x, 7 H K G Ii'l * .. 3 ) 
.~ R 1T E< 1 2, 2 ~j 3 ) C .~ 

2c.;) fO,(r-,ATC)·JX,22HCORIOLIS .~,CCELER,HIOr-j=,1x,fo.4,1X,5H1/;;S.C,'I) 

JRIT~(12,2G4)~'AW 
204 FO~~rlT(3jX,11HWIND SPErD=,1X,F6.3,1X,SHM/SEC,I,3JX,· 

*11r1',JINI> ANGL~=,1X, F5.~,1 X,7HDcGREES,II) 
JR'T~(12,2a5')C,fI 

205 fa~~AT(3uX,~6HCHEZY'S BOTTOM fRICTIU~ CO~FfICIENT=,1A,f5.1,· 
* 'j X, 1 J Hi I it * C • 5 IS C; C , I ,3 r; X ,33 H I !'oj T E Q f A C I t\ L f RIC T ION C 0 E F fie 1 E i. T =, 
*1X,F7.:"I/) 

.JR n d i?, 2J6) G R 
2Go FO~NAT(3Qx,17HSEA LEVEL EXCESS ,F6.2,1X,6H~ETERS) 

.JRlT6(12,207) 
2Q7 fO~MAT(II,30X,4'H~JUNDPRY CONDITIO~S AT 80SPHORUS EN1R~NC~,',3~' 

*41(1rt-),113JX,34HVELCC!TI~S AT THRE~ 60UNuARY' NODES,I,)QA, 
*11~U?P~R LAY~R,I,2nX,4H~ODE,5x,21HCU~RENT SPEED (M/S~C),)X, 
*jlrlDIR~CTlON (~ORTH IS n DEGRe~S),12Jx,4(1H-),5X,21(1H-),5X 
*,3J<1H-),f) 
~RrT~(12,2J3)U335,A35,U936,A3b,U837,Aj7 

2 U:) f () ~ ~";:" T ( 1 <J x, 7 H < 35,1 6) ,?, X, F 6. 3 , 1 i~ X , F 5. 1, I, 19 X, 7 H (3 6, 1 b) , "X , F (). 3, 1, 
*,fS.1,1,19X,7H(37,16),8X,F6.3,1uX,F5.1,/) 

;,oj R iT ~ (12,2 tJ9 ) 
2l~9 FO,~~AT(3\JX,43H80UrjDPRY CO~IOITIONS ll.T ()ARDAN[LL~r~ [NTr.;A(~Ct.,1,3l;X 

*43(1H-),11,5~x,34HVEL~C!T!ES AT TH~EE 80UNDA~Y NODES,I,5~x, 

*11rlUPPlR LAYER,I,2nx,4HNOOE,5X,21HCURRENT SP~ED (M/S~C),~X, 
*j~rlDIRECTION (~ORTH IS " DEGREES),/21x,4(1H-),5X,21(lH-),Sx 
*,3JUH-),f) 

.n n U 1 2 , 2 1 0 ) u !) 1 4, ~ 1 4, U 0 1 5 , A 1 5 , U D 1 ~, A 1 6 
210 FO:~:<1AT(1';X,7H (1,4) ,~X,F6.3,1·"lX,f5.1,1,19X,7H (1,5) ,,,,X,F~.3,1 

*,F5ml,I,19x,7H (1,6) ,8X,F6.3,'~X,F5.1,/) 
.4KLTd12,211 >PlR 

l11 FO~~hT(/,30x,26HRfSULTS H~VE ~~~N ?~INTED 'I1,1x,5HTJ~~S,'J/) 



CO.IPUTATIONS 
.) 0 1 L = 1 , I I~ R 
IR!=IRR(L)/INT(OT) 
DO ? (=1,IRI 
IT'\=ITA+IDT 
TA.-::FLOAT(IT,\) 
H 1 (1,4) = ri 1 (1 ,5 ) = tl1 (1 ,6) = H 1 3 ( T A, G R, TT , C S E) 
H 1 2 ('j , .:.. ) = H 1 2 (1 , 5 ) = H 1 2 ( 1 , 6 ) = H 1 B (T A, G R, T T , C S ~ ) 
rl2(3j,16)=H2(36,1b)=H~(37,1o)=H2D(TA,DlfL,TT,DUL) 
rl22(J5,1o)=HZ2(36,16)=H22(37,16)=H20(TA,OlfL,TT,DUL) 
f!r{ST T1.1E STEP 
iJO 7 1=1,42 
00 7 J=2,13 
If(Nu(r,J).EQ.-Z)GO TQ 7 
IF(NU(I,J).EJ.2)GO TO 53 
IF(NU(l,J).El.~)GO TO S4 
fR';f NODE 

59 IP=I ... 1 
H1=1-1 
1 x,>= I X 1,\='1 
\JO TJ 55 
L..A:~() BOU,~DAR'( NODE 

54- ISC=lS('A(I,J) 
i.lO TJ(S6,57,58,59)ISC 

50 IP=1 ... 1 
H\=I 
1)(1'=1 
IX.~="1 
..iO T0 ::is 

57 lP=l 
1 11,=1 .. 1 
Ixr>= ... 1 
1;(:-1=1 
'.iO Tu 55 

50 I P =1 .'.= 1 
I XP=IXI·\=··1 
';0 TO 55 
JOJMoARY CONDITIONS 

5j IF(J6~~616)GQ TO 60 
U~~DANELLEN ~OOES 

~o6 

fO:HJARu illfF'=RENCC$ 
rl2~(I,J)=R1*(AS*H2(I,J)+H2(I,J)"'H~(I+1,J»-R2*(H2(I,~)-

*)Q(I,J»*(U2(1+1'J)-U2(I,J»-R2*UZ(1,J)*(H2(I+1,J)-H~(~,J) 

*-OJ(I+),J)"'03(!,J» 
u 1 2 (I , J ) = P 1 * (A S'" U 1 CI , J ) + U 1 ( 1 + 1 , J ) ... U 1 (I, J ) ) - R 3'* (H 1 ( 1+1 p,J ) - H 1 
v1.!(!, J) =R1 1< (A S*V1 <r,J) "'v1 (1+1,J )"'V1 (I,J» 
uO TO 7 
JO.iPnORUS NO~ES 

6G IF(I.EQ.3S)GO TO 71 
IF(I.E~.57)GO TO 72 
IP::J+1 
IM=I-1 
I X ~= 1 X I'I=-j 
uO TU 73 

7,? IP::I 
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73 H1~(l,J)=P1*(H1(IP,J)+H1 (IM,J)+AS*H1 (I,J»-R2*(H1(I,J)­
* rl 2 (I , J ) ) * ( I X P * u 1 <I P, J ) .. I X 11 * U 1 ( 11-1 , J ) ) - R 2 * U 1 (I , J ) 
.. • (rl1 <I p, J ) .. ii 1 ( 1M, J )- H:! ( I P , J ) + H 2 ( 1M, J » 
U2~(!,J)=P1*(IXP*U2(IP,J)+IX~*U2(IM,J)+AS*Ul(1,J»­

*~2*Ul(I'J)*(IXP*U2(IP,J)-!XM*U2(IM,J»-R4*(H'(IP,J)-
1< H 1 (Ii-I, J ) ) -R 5 * ( H2 ( I p, J) - H 2 ( 1 r1, J » 
~2~(I,J)=P1*(V2(IP,J)+V2(I~,J)+AS*V2(I,J»-R2*U2(I,J)* 

*(VZ(IP,J)-v2(1~,J» 
110 TJ 7 
SUJPOUTI~t ROUTING 

5 j C ~ LL F T S <I, J ) 
7 con INUE 

SI:CO; .. D TI~iE ST!=:P 
vO 0 1=1,42 
1)09J=2,16 
IF(NU(I,J).E~.-2)GO TO 9 
!F(NU(1,J).~Q.2)GO TO 62 
IFOIU(I,J).t;,Q.t1)GO TO 63 
fP'~f NOD~ 

69 J P=J+1 
J M=J-1 
J Y ~= J y;.t='l 
GO Tu uS 
LAiW PUU,IDARY ~WDE 

6j JS::=JSC.~(I,J) 
~o TO(06,67,68,69)JSC 

60 JP'::;J+1 
J 1'1 =J 
J Y P=1 
J Y<1=-1 
"';0 TU 05 

67 J p.::;J 

J~'!=J""1 

J Y j>=-' 
J Y .·t= 1 
..it) TO 05 

66 JP=Jh=J 
JYfJ=JYI'I=-1 
i,JO TU 05 
J 0 .j (\' tI f.. K yeo N D I T I 0 f1 S 

6~ IF(J.fy.1)GO TO 74 
~O~PHORUS ENTRANCl 
IF(Y.EY e S6)GO TO 16 
~o Tu i7 
U~~K~ARD DIFFERENCES 

10 H1(I,J)=C1./CAS+1.»*(H12(!,J)*AS+H12(!,J-1»-(OT/OIJ* 
*(H1?(I,J)-rl2~(I,J»*(V12(I,J)-V12(I,J-1»-(D~/DI)* 

* C Ii 12 l I, J ) - H 1 2 ( !, J ··1) -D a ( I , J ) + 0 a ( I, J -1) ) * v 1 2 C I, J ) 
u 2 (I , J ) = (1 .1 (A $+ 1 • » * (u 22 (I, J ) *A S+ U2 2 C 1, J-1 ) ) + C A * 0 T * 'J 2 ~ C 1 

*-()T/Dr)*v22(1,J)*(U22(I,J)-U22(I,J-l»-CDT*G*U22(I,~»* 
'It :i 'J.n (U, 2 (I , J ) * *2 • + V2 2 ( I, J ) * .. 2. ) I (C ** 2. ) * (H 22 (1 , J ) - 0 U <I I' J ) 
1«SJRT(U2l(I,J)**2.+V22(I,J)**2.)*(U12(I,J)-U22(I,J»*DT*f 
*/Crl2~(I,J)-D3(I,J» 
v2(I,J)=('./(AS+1.»*(V22(I,J)*AS+V22(I,J-1»~CA*DT*u2,(I 

'It-(~T/DI)*v22(I,J)*(v22(I,J)-V22(I,J-1»-CDT/~I)*G*(uuleD) 
'It (H 12 (I , J ) - H 1 2 ( I, J -1> ) •. (0 TID 1) * G * ( ( 9 D - U 0) I i3 0) ., ( H 22 ( I, J ) -

1<H22(I,J-1»-(OT*G*V22(I,J». 
* ;; Q ,n ( u 2 2 CI , J ) -. * 2 • + v 2 2 ( I , J ) • .. 2 • ) 1 (C * .. 2 • ) * C H 2 2 Cl , J ) - 0 8 \.I I' J ) 
*()JPT(u22(I,J)*·?+V2:(I,J)**2.)*(V'2(I,J)-V~2(I'J».DT*f 
~ 1 ( d2 ~ ( I, J) - 0 13 ( r, J) ) 
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-C!:IHRAL UlfFERSNCES 
17 J p:J 

JM::J-1 
J Y rl=-1 
J Y ,1=1 
A2::S~RT«U22(I,J)*U22(I,J»~(V22(I,J)*V22(I,J»)1 

* (H a (I, J ) ... D 9 (I ,J » 
H 1 (I, J ) = R 1 * ( H 1 2 (! , J P ) + H 1 2 (I , Jill ) + A S * h 1 ~ <r , J ) ) 

*-R~*(H12(1,J)-H22(I,J»*(Jyp*V12(r,JP)-JYM*v12(I,J~») 
*-R2*~12(I,J)*(H12(I,JP)-H12(I,JM)-rl22(I,JP)+H22(I,JM) 
J2(I,J):R1*(U22(I,JP)+u22(I,JM)~AS*u22(I,J»+R6*V22(1,J) 

*-R2*'tl22(!,J) *(U22(I,JP)-U22 (I,JN»-RJ*A2*u22 CI,J) 
..... ··Rl*A2'*AdS (u12(I,J)-u2Z<I,J» 
J2(I,J)=R1'*(JYP*V22(I,JP)+JYM*V22(I,JG)~AS*v22(I,J» 

'*-R~*J2~(!,J)-R2·V22(I,J)*(JYP*V22(I,JP)-JYM*V~2(I,JM)) 

*-R~*(H12(I,JP)-H12(I,Jr»-~5*(H22(I,JP)-H22(!,JM»-R~*A2 
* 1< IJ a (I , J ) •• K I * A 2'* .\ !:i S ( v ~ 2 (I , J ) - V 2 2 (I , J » 

ijO T0 <) 
DA.~DANt::LL;;'N i:NTR-\NCt: 

74 IF(J.~~.4)GO TO 77 
rF(J.£~.S)GO T0 78 
J P =J 
J~~=J"'1 
J Y rl=-1 
J '( ,~= 1 
GO Tu i3 

76 JP:J 1'1 
J r1=J-1 
J Y?= JV 1'1=1 
<jO TU 18 

77 JP::J+1 
J ;>1: J 
JY?=1 
JYI'I=-1 

1 d Ii 1 :: S ..t R T ( (u 1 2 (I , J ) * U1 2 ( I, J ) ) ~ ( v 1 2 (I , J ) * v 1 2 ( I, J ) ) ) I 
*(HI2(I,J)-H22(t,J» 
rl2(I,J)=~1""'(H22(t,JP)+H22(I,JM)+AS*H22(1,J»-R2*(H22~1,JJ 

*-OJ(I'J»*(JYP*V22(I,JP)-JY~*V22(I,J~»-R2*V22(1,J) 
*x(~2~(I,JP)-H22(I,J~)-D8(I,JP)~DB(I,JM» 

u 1 (I, J ) = I~ i '* ( U 1 2 ( !, J P ) + u 1 2 (I , J N ) ~ A S "* u 1 2 Cl , J ) ) + R 6 * v 1 2 U. , J ) 

*~R~X/(H'2(I,J)-H22(I,J»-RI*A1*A8S(U12(I,J)-U22(I,J») 
~1(I,J)=~'*(JYP'*V12(I,JP}~JYM"*V12(I,JH)+AS*v12(I,J»-R~*u12( 

* ... R j* ( H 1 2 (I , J P) ··H 12 (I , J ...,) ) 
*+RjY/(H12(I,J)-H22(I,J»-RI*A1*A9S(v12(I,J)-V22(I,J») 

";0 T0 '} 
5UJRJUTI,lE ROUTI'JG 

6S CAlool STSCI,J) 
') CO.iTINvE 
~ C()IH INUE 

CAi..L R£SLJLT(IT.6,) 
1 CO,HINui: 

~E:iULT :>J~lPI~G 
'\~l R~S~UMP(l~N) 
;;iT0P 

__ ~:I) 



~UJROUTINE R~SULT(ITA) 

V I .1 E i .. S I 0 I~ N I (4 3) , I OU (4 3, 1 f) , I H F 1 (4 3, 1 9) , I ~ L L ( 4 3, 1 9 ) 
C 0 ,'I~I UN I S 3 1 H 1 ( 43 , 1 <}) , U 1 (43, 1 ? ) , V 1 ( it 3 ,1 9) , H 2 ( 43 , 1 9) 

*,Ul(43,1'),V2(43,19) 
CI).H1(,)~! ISS/NU(43,19},D9(43,19) 
CO.1MON IS&/JLD,~UD,QLQ,QU8 

HI LT I ALI 1.,\ T I ON 
DO 5431=1,43 
NI(I)=l 

54';; COrHl.NUF. 
1)0 1JO 1=1,43 
iJO 1lJ~ J=1,1j 
IDJ(I,J)=IHF1<t,J)=IDLLCI,J}=Y 

10j CO.HltlUE 
11 )=17=13=l9=(; 
.~ 0 .i = ,·m = N (1 = i'~ S = N 1 = N 2 =N 3 = p 

v01J1 I:1,43 
;)1) 1J1 J=1,19 
IF(MU(I,J).EJ.-2)GO TO 102 
IDJ(I,J)=INTCH1(I,J)-H2(I,J» 
I H F 1 (I , J ) = I N T( (H 1 ( I, J ) -1 4 n I) • ) *' 1(1 !") • } 

rD~L(1,J)=INT(H2(I,J)~D8(I,J» 

.if) TJ 1r;1 
1Gl IDJ(I,J)=IHF1(I,J)=IDLLC1,J)=1aO r u1c 
1lj-t co H ItJJE 

1)0 5't4 1=1,43 
1)0544 J=1,19 
IF(NJ(r,J).EQ.-Z)GO T0 545 
Ioil) T J S 4't 

54) u1 (I,J )=\11 (I,J )=U2 (I,J )=\lZ(I,J )=1J·lVJU()IJ. 
544 -:O.H l.~·JUE 

uUTPuT FlL~ 

co,~V~R~IJ:l TO HOURS 
I~ 0 .i= 1 T A 
i'H~-=I ... T (~IOS 13 6C '» 
j~1 =~Irl* .:i6.JO 
N 2;:: N \J S ... t·1 1 
;'J :1 .: I N T ( ~j 21 6 d ) 
,~3 ==N 1':* oD 
i~S=N~"'N3 
Jd R LT ~ (1 2, 1 1 0 ) N () S , il H, N " , ~ S 

110 FO~MAT(/11,4nX,13HRESULTS AFT~R,/ 
*,4Jx,12H~LAPSE~ TI~~,'X,I5,1X,7rlSSCO~DS,/,40X,12,1X, 
* :) H d U J R S , 2 X , I 2, 1 X , 7 H:1 It 1 U T ;: ~ , 2 x, I 2 , 1 X, 7 H S £ CON D S ) 

1I::L.0C1T!CS 
vi'U.Tt;.(12,112} 

109 

112 f0~~AT('lx,41HUPPlR LAY~R HORIZ0~T\L V:LOCITIES (~/S~C),',. 
*,41CiH-),/1> 

vO 113 J=19,1,"1 
.J R .J:T d 1 2,1 3'J ) J , ( u 1 (I , J ) , I :: 1 ,1 5 ) 

11 j CO.H HWF. 
,JiUTi:(12,1 31) Oil (I I),I 1=1,15) 
vO 114 J=19,1,-1 
tJRIT~(12,132)J ,(U1 (I,j ),1=16,29) 

114 CO.H1NUf 
~~LT~(12,133)(~[(It),!I='6,Z9) 



~RIT~(12,133)(~I(II),!1=3n,43) 
·.~R1Tt.(12,S1lJ) 

S1u fO~~AT(S(/),4GX,39HUP?ER LAYER VERTICAL VELOCITIES (~/~EC),I 
*,3)(1H-),//) 

l)() 116 J=19,1,-1 
.JRlTdi2,13U)J,(V1 <I,J),I=1,1S) 

110 CO.HINUE 
..J R IT ;; (1 2,1 3 '\ )( N I ( I 1) , I 1=1 ,1 5 ) 
)0 117 J=19,1,-1 
wR.tTL <i 2,132)J, (V1 (I,J), 1=16, 29) 

11 7 C 'J I'H r N U E 
~~IT~(12,133)(N[(II),II=16,29) 
.> 0 11 8 J = 1 9, 1 , -1 , 
~j R IT d 1 2, 1 3 2 ) J , ( V 1 (! , J ) , 1 = 3 J , 4 3 ) 

'110 Ci):nHjU~ 
~RLT~(12,133)(NI(II),II=3n,43) 

..JRITd12,119) 
119 FO~~AT(IIIII,4~X,41HL"~ER LAYER HORIZONTAL V~LOCITlt~ (M/S~C 

*, I,t. .;X,41 (1 H-) ,11> 
JO 120 J=1<),1,-1 
~RIT~(12,13U)J,(U2(I,J),I=1,15) 

12u COI~T HluE 
wRLT~(12,131) ("-II Cl I),I I=1 ,15) 
ilO 1i:1 J=19,1,-1 
WRIT~(12,132)J,(U2(I,J),I=1o,29) 

121 C(HTINuE 
..J R LT!::. (1 2,133 ) ( 'U <r 1> , I 1=16,29) 
L>() 1,2 J=19,1,·"1 
.~~.cTd12,132)J ,(U2 (I,J) ,I=3G,43) 

1 2:! '0 oH L N u F. 
wRIT~(12,133)(NI(II),II=3n,43) 
.... ~i.TE(12,123) 

123 f()~;~:i'\T(5(/},40X,39HLO!,'I::R LAYER VERTlCAL Vt.LOCITIES (j'I/~~O 
* I , ... r ..(, ,+:") (1 H"), II ) 

I):) 124 J=19,1,-1 
~RIT~(12,130)J,(V2(I,J),I=1,15) 

124 ~OIHrNuE 
vJ R L T ;; ( 1 2, 1 31 ) ( ~H <l I) , I I = 1 , 1 5 ) 
vO 125 J=1<),1,-1 
,~ ~ IT t.: Ci 2, 1 3 2 ) J , ( V 2 (I , J ) ,r = 1 6, 2 9 ) 

125 co,n liWF. 
,J R I.T d 1 2, 1 3 3 ) ( N! (I I) ,! I = 1 6 , 2 9 ) 
JO 1~6 J=19,1,-' 
~qlT6(12,132)J,(V2(I,J),I=30,43) 

120 C();HINUE 
jRLT~(12,'33)(N!(II),II=3n,43) 

1 3 J fa :{t-, A T (1 ) x , I 2, 1 x , 1 H j , :5 x, 1 5 ( F 5 • 3, 2 x » 
131 fQ~~AT(1~X,15([2,5X),II) 
'I 32 f (U h t\ T ( 1 .J x ,r 2, 1 x , 1 H') ,3 x , 1 4 ( F 5 • 3, 2 J( ) ) 

, 3.) f 0 .{fl. i\ T ( 1 ..) x, 1 4. ( ": 2 , 5 X) # I 1'1 



HSLGrlTS 
JPrE~ LAYER DEPTH 
lJ R L T ~ ( 1 2, 1 :5 5 ) 

III 

1 3 ;j f a .W AT (/ I I I , 4 u ;(, 21 HE U: v ~ T ! 0 :~ S M~ DOE P T H S , I , 4 1 X , 2 1 ( 1 H -) , I I I I , 
*,,"1,(,~4HD~PTH OF UPPfR \..AVfR (:1),1,4UX,24(1H-),I//) 
JRITf(12,13d)(~I(II),Il=1,22) 

13~ fO~~AT(/,'7X,2~(I2,2x),1,17X,22(2H--,2X» 
J 0 1 J 6 J;; 1 9, 1 ,-1 
~QIT~(12,137)J,(IDU(I,J),!=1,22) 

137 fOd~AT(10x,I2,1X,1Hd,3x,22(I2,2X» 
130 co,n HllJE 

.nnd12,141 )(NI<II> ,11=23,43> 
'I 4" F 0 .~ 11 J\ r ( I , 1 7 X ,2 1 (I2 ,2 X) , 11 7 x , 21 (2 H--, 2 x ) ) 

!l!) 1..$9 J=19,·1,-1 
~RLT~(12,1~U)J,(IDU(I,J),I=23,4j) 

14J FO;{PAT(1Jx,r2,1X,1HO,3X,21 <I2,2X» 
13'i ~O,H lNUE 

LO~F~ LAYE~ DEPTH 
riRLTd12,142) 

14~ FO~rAT(IIII,40X,24HDEPTH OF LO~~R LAYER (M),1,4~X,24~1H-),IIIJ 
~RlT~(12,145)(~I(II),II=1,22) 

145 FQ~MAT(/,13X,22(I2,3X),1,13X,22(2H--,jX» 

DO 1 43 J =1 9, 1,-1 
~Q1T~(i2,'44)J,(IDLL(!,J),I=1,22) 

144 fl)~iiAT(5;(,r2,1x,1HO,3X,22<r4,1X» 
14j CO.nlNUE 

~~LT~ (12,146) (~n <l I) ,11=23,43) 
1 40 F f) ,{ ~~ A T ( 1,1 3 x ,21 (I2, 3 x) , I ,1 3 x , 21 ( 2H -- ,3 X) ) 

vO 147 J::19,1,-1 
~~iT~(12,'4d)J,(!DLL(I,J),1=23,43) 

1 4.) f (} ~ ~' A T ( 5 x, I (! ,1 x, 1 Ii rj, 3 X , 2 1 (I 4, 1 X) ) 
147 CO H HWE 

FLJCTUATIO!-lS 
~~ R L T S ( 12,1 ':"9 ) 

• 

14'1 FO;~~AT(/IIII'41)(,39I-iFLUCTUAT!ONS AROUj~D :'lEAN SEA U:V .. L <':':';),1 
*4~)(,S9('H-),III) 

,~ R lTd 1 2, 1 3 rJ ) ( :II I ( I I) , I I = 1 , 2 2 ) 
1 5 uFO K r' r\ T (I ,1 7 x , 2? ( 12: , 2 x) , I , 17 X , 2 2 ( 2 n -- ,2 x) } 

:)0 151 J=19,1,"'1 
JJRLTd12,152)J,(IHF1 (!,J),I=1,22) 

152 FO~~AT(1JX,1~,'x,1Hb,3x,22(12,2x» 
151 co.n INUE 

ARIT~(12,'53)(NI(II),II=23,43) 

15J FO~~AT(/,17x,21(I2,2X),/17)(,21(2H--,2x» 
l)J 154 J=19,1,-1 
..I R L T L:;: <1 2,1 55 ) J , ( I H F1 (! , J ) , I = 2 3,43) 

1 5 j f' () '(~'; t\ T ( 1 :J x, I/., 1 x, 1 Ho , :n, 21 ( 12, 2 X) ) 
154 COHl.f\.UE. 

.{ ~ TU RN 



SUjRaUTI~E FTS(I,J) 
COI'\"'UN 151/IP, Hl,IXP,IXI1 

112 

CO.1MJN IS3/H1(43,19),U1(43,19),V1(43,19),H2(43,19},U,;;(43,1 
*,'J2(43~'') 
~ 0 .. \ M 0 N I S 4 1 H 1 2 (4 3 , 19 ) , u 1 2 ( 4 3, 1 9) , V 1 2 (4 3, 1 9 ) , rl2 2 ( 43 , 1 Ii) 

*,UZ2(4.5,-19),V2~(43,19) 

co.w a N 1'$ 5 IN U ( 43,1 9) , D ::3 (43,1 ? ) 
CO .'W uN I S 61 S x ( 43,1 9) , S Y (43,1 9) 
~ 0 ,:WI 0 f·; I) 7 I AS, Rl , R 2 , R 3 , R 4 , R 5, R 6, R 7 , R I, R ci , R \oJ X , R \oJ Y , G R 
til 2 ( I, J ) ~ R -, .. ( H 1 ( I P , J ) + H 1 (I M, J ) + A S * H 1 (I , J ) ) - R 2 * (Ii 1 ( I , J ) 

* - I-I..! ( I , J ) ) * (! x p * u 1 ( I P , J ) - I X M * U 1 <I:~, J) ) - R 2 .. u 1 ( I , J) * 
* ( Ii 1 <l P , J ) - H 1 <I 11, J ) .. H 2 ( I P , J ) T H ;:: <I t." J ) ) 

u 1 2 ( I , J ) = R 1 * (I x P * U 1 ( I P , J ) ;- I X ~1 * U 1 <r."", J ) T A S * U 1 CI , J ) ) - R " * 
* u 1 (I, J ) * (I x P * U 1 ( ~ P , J ) .. I X i'l * U 1 (Pl, J ) } - R 3 * ( H 1 (I p, J ) .. H 1 (1 M, J ) : 

v 1 ,! ( I, J ) = R 1 * (v 1 ( I P ,J ) + v 1 (! IV! , J ) TA S'" V 1 (I, J ) ) - R ~ * Ul <I , J ) 
* * ( J 1 (I P , J ) - V 1 ( I f'l , J » 
rl2~(I,J)=R1*(H2(!p,J)+H2(!M,J)TAS*H2(1,J»-R2*(H2(I,~)-

* J t3 (I , J ) ) ... (I x P * U 2 (I P, J) - I x r," u 2 ( HI, J ) ) .. R 2 * U 2 (I , J ) 

""'(~2(I~,J)-H2(IM'J)-DB(IP,J)TD8(IM,J» 
u22(I,J)=R1*(IXP*u2(IP,J)+Ix~*U2(I~,J)TAS*U2(I,J»­

*~2*u~(I,J)"'(IXP*U2(IP,J)-IXM*u2(IM,J»-R4*(H1(IP'J)-
.. H 1 (I .1, J ) ) - R 5 * ( H 2 (I P, J) - H 2 <I ,"1, J ) ) T S X ( I, J ) 
~2~(I,J)=R1*(V2(IP,J)+V2(I~,J)TAS*V2(I,J»-R2*U2(I,J)* 

*(V~(lP,J)-V2(IM,J» 
H1~(1,J)=H12(I,J)T~7*(H22(I,J)-H2(I,J» 

~~TUi\N 
:; ~I j 



II) 

~IJJROUTII~E S TS (I,J) 
C i).HHlN /521 J !3, HI,J YP,J '01 
CO ;'IM ON / $ 3/ H 1 ( 43,1 9) ,IJ 1 (4 ~, 19) , V 1 (4.) ,19) , H 2 (4S ,1 9) , u '" (43,1 '11 

*,112(43,19) 
C 0 .1~" (j N / S 41 H 12 (43, 19 ) , U 1 2 ( 43, 1 9) , V 1 2 (43, 1 9) , H;;: 2 ( 43,1 'I) 

*,U~2 (4;),19),1/2 ?(43,19) 
CQ.1MUN IS5/NU(43,19),Db(4~,19) 

CO dr,' J N 1 S 6/ S X ( 43, 1 C) , s '( ( 4 3, 1 9 ) 
CO,1hJN IS7/A $, ~l,R 2, R~,R4,R5'K6, R7,F I,fhl,fnJX,R',H ,GR 
A 1.: S" R T ( (u 1 2 <r , J ) * u1 2 ( I, J ) ) .r( V 12 (I , J ) * V 1 2 (I, J ) » / 

*(HI2(I,J}-H2~(I,J» 
H1(I,J)=~1*(H12(I,J?)+H12(I,JM).AS*H12(I,J»4R2*(H12(I,J) 

* .• H ~ 2 (! , J ) ) .. ( J '( P * V 1 2 ( I, J P ) .. J Hi 1< V1 2 ( I , J 1-1 ) ) - R 2 * V 1 2 ( I, J ) 
**(rl1l(1,JP)-H12(I,J~)-H~2(I,JP)+H22(I,J~» 

u 1 (I , J ) = r\ 1 * ( U 1 2 ( I , J P ) + u 1 2 ( I , J r-D + ,0\ S * u 1 2 (I , J ) ) + R 6 * V 1 2 ( ~ , J )­

*~2NV12(I,J)*(u12(I,JP)-u12(I,JM».RWX/(H12(I,J)-H22(1,J»)­

*RI1<Al*Aas(u12(I,J)-u22(I,J» 
111 (I, J ) = c{ 1 * ( J'( P * V 1 2 ( I, J P ) + J Y ~1 * V 1 2 ( t , J N ) + A S * V 1 2 (I , J ) ) - R v * u 1 2 

*-R!*v12(I,J)*(JYP*V12(I,JP)-JYM*v12(I,JM»-R3*(H12(I,Jf)-
* Ii 1 2 ( I , J ~o ) + R ~ ~ Y 1 (rl1 ~ ( I,j ) - H 2 2 ( I , J ) ) - R I * ,\ 1 * A t3 S (V 1 2 <I , J J - \I 2 ~ ( 1 
~2=S~RT«U22(I,J)*U22(I,J»+(v22(1,J)*V22(I,J»)1 

* (H ~2 (I ,J ) •. v 9 (I, J ) ) 

rl2(I,J)=~1·(H22(I,JP)+H22(I,JM)·AS*H22(I,J» 
,," ... R ~ * ( H 2 2 <I , J ) - D 8 (1 , J » * ( J Y P * V 2 2 ( I , J P ) - J'( ~1 * V 2 2 ( I , J ;,' ) ) 
*-R2*v22(I,J)*(H22(I,J?)-H22(I,JM)-D6(I,JP).Oo(I,JM» 
J2(I,J)=R'*(U22(I,J?)+u22(I,JM)+AS*u22(I,J»+R6*V22(~,J) 

*-R~*J22(I,J)*(U22(I,JP)-u22(I,JM»-~3*U22(I,J)*A~ 
*-~L*A2*'dS(U'2(I,J)-U22(I,J» 
J2(I,J)=~1*(JYP*V22(I,JP)·JYM*V22(I,JM).AS*v2~(I,J» 

*~R~*J22(I,J)-R~*V22(I,J)*(JYP*V22(I,JP)-JYM*v22(I,JMJ) 
*-R4*(H12(I,JP)-H12(I,JM»-R5*(H22(I,JP)-H22(I,JH»-R~*n2 

* 1t V :.2 CI , J ) •• iH -itA ~* A 8 S ( v1 2 (I , J ) -v '22 <r ,J »).S Y ( I, J ) 
J=5Q~T(FLOAT(I)**2.+FLOAT(J-4)**2.) 

31=S .... RTCi492.) 
d2;:;( ;J1"'8) I 81 
rl1 (I,J )=rl1 (I,J ).R7*(rC (I,J)-H22(I,J) )-GR*02/173Z. 
~~TU~~' . 

.. 



,- F tj I ~ C T I J N t'l T!) (I 1 , J 1 ) 
IF(I1.EQ.-Z)GO TO 1~1 

IF(J1.£Q.-2)~O TO 1~2 
IH">=4 
UO Tu 19u 

13.l NT v=1 
..:iO TO 19 1J 

1>3'1 lr(J1ac;a.~·;OGO TO 1.33 
/'ITv=.! 
liO TU 19CJ 

oj 83 iHJ=i 
19d Kr:TUK~1 

Cllv 
- S U j R u U T ! .-1 E. K E S D U :1 P (I E ~ ) 

114 

c 0 11·; i)~: l:i 31 H 1 ( 43 , 1 9) , U 1 (4 3 , 1 9 ) , V 1 (43 ,1 9) , H 2 ( 43 , 1 9) , U ~ ( ~.3 , 1 ~ 
*,V~(43,19) 

\:O,W'ON IS4/rl12 (43, 1Q ),u12(43,19) ,v12 (43,19),H22(4.3,1 '7) 

*,U..!2(4.s,19),V2~(43,19) 

co, H~ J ~-I I S 5 1 N U ( 43 , 1 9) , D B ( 4 :; , 1 9 ) 
.4RLT£(13,7;Jr)I r:N 

70u FOiH~AT(/,20X,17HE:XECU;ION NUI1BER=,1x,13,1) 
.)() 7d1 !=1,4 3 
..JRlTi:(13,70Z)(U1 (I,J),J=1,19) 

lGi co.nrNuE 
1)0 7i.J3 1=1,L.,3 
,d~rTd13,702)( V1 <!,J ),J=1 ,19) 

7 lJ j i,; 0 H HI u :: 
JO 7:;4 1=1,43 
..JiHTd13,7)2)(U2CI,J ),J=1,19) 

7 '04 CO:"T l~JUE 
vO 7i,.;S 1=1,4S 
~RLT~(13,7C2)(V2(I,J),J=1,19) 

7i):;j CO.HINu,: 
702 FO~~AT(1X,19F6.3) 

vO 7J6 J=1,19 
fJ ~ iT,; ( i 3,7 D 7 ) ( "lU (! , J ), 1=1 ,4.3) 

7uo ca:JTI~uE 
707 fO~~~T('X,4312) 

.(ETURi~ 

SNJ 



APPENDIX III 

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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1 0 0 
H 0 
17 0 

16 0 
15 0 
14 b 
13 0 
12 0 

11 0 
1" 0 

«;I 0 
• 0 
7 0 
to 0 
5 0 
I. 0 
~ 0 
2 0 
1 0 

10 b 
18 0 
11 0 
16 0 
15 0 
14 :J 

13 b 
12 () 
11 0 
1r> 0 

Q 0 
8 0 
7 0 
6 0 
5 0 

" 0 
3 b 
2 0 
1 0 

19 b 
1~ 0 
17 0 
16 0 
15 0 
14 0 
13 0 
12 b 
l' 0 
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~.Ln2 
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VELOCITY FIELD IN THE ABSENCE OF WIND 

Sea Level Difference 16 cm 

Interfacial Elevation Difference 12 m 
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VELOCITY FIELD WITH WIND BLOWING FROM SOUTH-SOUTHWEST 

WITH A SPEED OF 20 MIS 

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 MIS 

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 MIS 

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 MIS 

Sea Level excess 15 cm 

Interfacial Elevation Difference 12 m 
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