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ABSTRACT

Pamlico Sound is a large semi-enclosed body of partially saline

water on the coast of North Carol.ina separated by a narrow strip of barrier

islands from the Atlantic Ocean. Freshwater inflow is from two major rivers

and from Albemarle Sound. There is tidal. flow across the inlets. Wind is a

major factor in circulation, and there is considerable surge action during

the hurricanes.

A numerical model based on the two-dimensional shallow water hydrodynamic

equations is used to compute water surface elevations and currents. The model

uses an. explicit finite difference representation, and includes convective

accel.eration, and nonlinear surface and bottom stress. The time dependent

water movements are computed for an observed hurricane with good success. The

model can be used to predict surge heights for coastal protection, and it will

provide data for water resource management and for pollution control. A user's

manual consisting of the listing of the computer program and instructions is

given in the appendix to the report.
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NOMENCLATURE

The following symbols are used in this report:

= wave propagation velocity in shallow water

= coefficient of drag for wind stressC

= water depth at the initially undisturbed level, usually at mean
sea level.

= Coriolis coefficient

g = acceleration due to gravity

H
1

= water surface in the basin

H
2

= water surface in the sea

= an index identifying the x-position

= an index identifying the y-position of a point on the grid

= an index identifying the time step

= coefficient of discharge

m = an exponent

MLW = mean low water

= Manning's coefficient of friction

Q = volume rate of flow

R = hydraulic radius

S = friction slope
f

S = friction slope in the x-direction
fx

S friction slope in the y-direction
fy

t time

v

V

V
w

W,Wx' y

average velocity in the x-direction

average velocity in the y-direction

absolute velocity

wind speed

wind stress term in the equation of motion in the x-and y-directions.

horizontal coordinate axis  abscissa!



= horizontal coordinate axis  ordinate!

= a variable

= angle between the current direction and the x-axis.

At = time step

= distance step

= angle between the wind direction and the x-axis.

tidal time

P = density of water

P = density of air
a

T = bottom shear stress in the x-direction
bx

= bottom shear stress in the y direction
by

= wind stress

= surface shear stress in the x-directionT
sx

surface shear stress in the y-direction

= geographical latitude

= angular speed of earth's rotation



1 . J NTRODUCTl ON

This report is concerned with the development of a numerical model for

computing the flow dynamics in the Pamlico Sound, N. C. The model predicts

the changes in the water velocity and water surface elevation under the action

of freshwater inflows, tidal exchange and the winds.

Pamlico Sound is a large shallow body of partially saline water on the

North Carolina coast separating the mainland from the offshore sandy beaches

known as the Outer Banks. Freshwater flows into the Sound from the mainland

rivers while the inlets cut in the Outer Banks provide for the exchange of

seawater between the Sound and the Atlantic Ocean. The astronomical tide

is significantly dampened as the tide moves through the inlets. However,

strong wind tides can develop in the Sound.

The numerical model determines the magnitude and direction of currents

in the Sound, the changes in the flow across the inlets and the fluctuation

in water levels at all locations in the Sound. The information would be

useful in water resource management. In particular, determination of surge

heights under hurricane conditions is of critical importance in protection

of life and property and in the planning of protective measures.

The numerical model is based on the two-dimensional long-wave equations

of hydrodynamics. The equations are used to determine circulation, tidal

flows and wind tides. However, they do not generally apply to short-crested

waves. Therefore, short-crested waves are excluded from this study. For

the purpose of this report, the fluid is assumed to be homogeneous and density

stratification, if any, is neglected. The use of long-wave equation implies

the existence of a hydrostatic pressure distribution and shallow water. Limited

available data indicates that the assumptions involved in the theory are valid

for the Sound. The average depth is only l6 feet and the measurements of salinity

have indicated almost uniform vertical distribution representing well-mixed waters.



Measurements of velocities, even in the deeper parts of the inlets, show that

water flows in the same direction at different depths, there being negligible

vertical circulations.

A significant aspect of the study reported here is that it treats a spatial

two-dimensional flow in a basin with very irregular bottom topography and very

irregular shape. The Sound contains shoals as well as deeper areas. The boundaries

do not follow a regular contour and contain cuts of various sizes at the inlet.

The numerical model has been made possible by the advent of the digital

computer. It is feasible to handle irregular configuration and bottom topo-

graphy, and also the nonlinear effects of advection, bottom stress and wind

stress. Although much work has been done on modeling of one-dimensional flows

in rivers and estuaries, however, two-dimensional modeling is not used widely.

The two-dimensional problems generally involve unique boundary conditions. The

basic principles apply in general, but each case requires considerable effort

limited to the particular application.

The ojective of this study is to compute the dynamics of flow in Pamlico

Sound focusing on currents and water levels fluctuation due to a! river flows,

b! tidal exchange across inlets, c! winds, and d! hurricanes.

II. BASIC EQUATIONS

The basic hydrodynamic equations consist of the equations for the con-

servation of mass and momentum. Under the restriction of hydrostatic pressure

distribution or shallow water, the equations are known as the shallow water

equations, the tidal equations and the long-wave equations. The shallow water

assumption implies that the water depth is much smaller than the wave-length.

The derivation of the shallow water equations is given in well-known reference

works  Lamb 1932, Stoker 1957, Ippen 1966, Phillips 1969, and Dronkers 1964!.

The equations have been rederived in a report by Leendertse �967! and in a



~hesis by Chu �970!. For the sake of brevity, their derivation will be omitted

«om this report. The shallow water equations in two-dimensional flow are,

Bu Bu Bu Bh 1
Bx By Bx p h+d! sx bx

+u + v � +g � -fv=  ~ -T !=0 �.1!

3 3v Bh 1

Bt Bx 3y 3y p h+d!
+u + v +g � +fu= �.2! T -v ! =0

sy by

3 3 3h
Bx

$u  hM! 1 + �  v  h+d! ! + � = 0
By Bt

�. 3!

In these equations, u = the average velocity in the x direction, v = average

velocity in the y direction, h = the depth above the initially undisturbed water

surface  usually taken at mean sea level!, d = the initially undisturbed water

depth above the bottom, f = coriolis coefficient, T = surface shear stress
sx

in the x direction, I = surface shear stress in the y direction, t bottom
sy by

shear stress in the y direction, p = density of fluid  water!, x = abscissa,

y = ordinate and t = time. Equation. �.1! expresses the conservation of momen-

tum in the x direction, equation �.2! expresses the conservation of momentum

in the y direction and equation �.3! expresses the conservation of mass.

Equation �.3! is commonly known as the equation of continuity. The equations

are also known as the long-wave equations, as the tidal equations and as the

vertically integrated hydrodynamic equations. In one-dimensional form, the

equations are known as the unsteady flow equations in open channels or as the

St. Venant equations. The shallow water equations can be derived from the

generalized Euler-Navier-Stokes equations under the assumption of long waves by

integrating each term over the depth and dividing the result by the depth. Thus

the average velocity implies a velocity averaged over the depth. The expressions



for the bottom shear stress are also related to the average velocity.

The value of f, the Coriolis coefficient, is 2 w sin Q, where w is the

angular speed of earth's rotation and '] is the geographical latitude, The

Coriolis force becomes important when the flow occurs in a relatively large

body of water. In this study, only the horizontal components of the Coriolis

force are considered important because the verti.cal component is negligible

compared to the gravitational force.

The relationship between the shear stress and the average velocity is

nonlinear when the flow is turbulent. The values of T and v can be related
bx by

to the energy gradient  friction slope! where the latter is given by some

semi-empirical formula dependent on the boundary roughness. Thus,

�.4!T = Pg h+d! Sf
bx fx

~ h+d! S
by fy

�. 5!

where S = S cos g, S = S sin f3, S = friction slope, 8 = angle between
fx f fy f

the flow direction and the x-axis. In engineering applications, Chezy and

Manning's formulas are commonly used. Then, using Manning's formula

2
~nvlvl /3

f 2.22 R
�. 6!

� 7!V cos g

V sin �. g!

where n = Manning's friction coefficient, V = resultant velocity and R = hydraulic

radius. In two-dimensional flows, the velocity components u and v are related

to the resultant velocity by



and R = water depth  h+d!, An approximate value for n for sand bottom is

n = 0. 020.

The surface stress due to the wind is usually given by the formulas

Cd p  Vg � 9!

Table l. If the average value of C for strong winds is taken equal to

-3 � 3 3
2.4 x 10 , and p, the air density is approximately 2.42 x 10 slugs/ft.a'

then the value of the wind stress T becomes
s

I = 5.8 x 10 V
S w 3

ft
�.10!

The shear stress acquires the dimension of lb/ft when the wind velocity V2

w

is given in ft/sec. The wind stress in the equation of motion becomes

T -6
s 3.0 x 10 2

p d+h! p d+h! w �. 11!

with the dimension of acceleration. It will be expressed i.n ft/sec. when V
w

is given in ft/sec, d and h are in feet, and p the water density is given
3

in slugs/ft.

where T = wind stress, p = density of air, V = surface wind velocity,

m = an exponent and C = a dimensionless parameter.
d

It is to be noted that bottom stress and surface stress are basically

the same type of physical process and both are expressed by similar formulas.

The magni.tude of the stress is related to some power of the fluid velocity

at the interface, in one case between two different fluids  air and water! and

in the other case between the fluid  water! and a solid  bottom boundary!.

Wilson �960! conducted an extensive review of literature to find suitable

values for the wind stress over water. The tabulated values of C for light
d

and strong winds  velocity measured at 10 meter height! are abstracted in
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III. REVIEW OF LITERATURE

Two-dimensional long-wave propagation has received considerable attention

from numerical modelers because the system of equations describes a physical

situation of great practical interest in the management of coastal waters.

Hansen �956! was the first to perform the computation of long waves in the

sea by using a computer. He used the explicit finite difference scheme, with

a forward difference in time and a central difference in space. Harris et al

�964! indicated the difficulties encountered in the treatment of two-dimensional

long wave problems by the explicit method. Jelesnianski �966! appli.ed a

linearized form of the two-dimensional equations to compute the storm surge on

the open coast. Reid and Bodine �968! modeled the hydrodynamic behavior of

Galveston Bay, Texas, for storm surge conditions. The vertically integrated

forms of the equations of motion and continuity were solved by the explicit

finite difference method. The effect of rainfall., wind stress and quadratic

bottom friction were taken into consideration but the terms dealing with

convective acceleration and the coriolis force were ignored. Heaps �969! has

formulated an explicit finite difference sea model involving forward and

backward differences in time, and central differences in space. Comparisons

have been made between the computed and observed surge profiles at a number

of ports distributed around the shores of the North Sea. Some of the dis-

crepancies between the computed and observed values appear to have been due to

incomplete representations in the models of the actual conditions in coastal

waters along with the neglect of nonlinear effects.

Leendertse �967! developed the semi-implicit scheme using implicit

alternating-direction method. The accuracy of the computation scheme has been

extensively tested on tidal-flow models of the estuary of the Rhine River and

of the North Sea by comparing measured data with the computed results.



Sobey �970! compared several difference schemes for two-dimensional long

wave propagation by means of the propagation factor described by Leendertse

�967!. He demonstrated the usefullness of the propagation factor as a measure

of the stability of the finite difference schemes. Chu �970! used the

Lax-Wendroff method fox the numerical solution of two-dimensionaL equations.

Recently Hess and White �974! developed the numerical model of Narragansett

Bay using the basic approach of Leendertse  L967!, but with several modifications.

Airan  L975! applied the explicit two-dimensional model to idealized basins and

to Pamlico Sound for determination of circulation, hurricane surge and water

quality. Considerable material in this report is shared with the thesis by

Airan,

IV. NUMERICAL MODELING

Overview of Available Numerical Techni ues

The techniques for solving partial differential equations can be classified

as analytical and numericaL. Analytical solutions of the hyperbolic partial

differential equations are practically impossible especially if the shape of

the waterbody is not regular. The following observations are based mostly on

experience with one-dimensional flows but are basically applicable to two-

dimensional cases as well.

The numerical techniques can be subdivided into finite element and

finite differences. The finite element technique has been successfully applied

to problems in structures and other engineering disciplines. However, its use

in river and estuarine modeling is new and will not be discussed here.

The finite difference techniques are based on the general assumption that

partial derivatives can be approximated by using the values of functions at

points which are separated by finite increments of distance or time. Thus, the

differential equations are transformed to algebraic equations by replacing each

derivative with corresponding finite difference term. These equations are solved



sub]ect to the considerations for stability, convergence, accuracy, and efficiency

of numerical procedures.

Before the availability of high-speed computers, the equations were mostly

solved by approximate methods based upon simplified assumptions. However, it

is now possible to attempt numerical solution of the complete  unsimplified!

equations. The complete methods can be of characteristic or direct type.

In the characteristic approach, the equations are first transformed into

the so-called characteristic form and then solved by implicit or explicit finite

difference representation. In both cases, either a characteristic network or

a fixed mesh of points is used on the time-distance plane to identify the

points at which solutions are obtained. The direct methods are those in which

the finite difference representation is based directly on the primary equations.

They include implicit, explicit, and Lax-Wendroff methods all of which use

the fixed rectangular grid.

Each method presented above could have many variations depending on what

type of mesh is selected and what procedure is used for the solution of finite

difference equations. However, the following finite difference methods have

been found most useful in the analysis of hydrodynamic problems:

1! The characteristic implicit method using characteristic network

2! Direct implicit method using fixed mesh

3! Direct explicit method using fixed mesh, and

4! Direct Lax-Wendroff method using fixed mesh

These four methods are generally known as method of characteristics, implicit

method, explicit method, and Lax-Wendroff method respectively  Amein and Fang,

1969; Chu, 1970!.

The method of characteristics involves numerical integration along selected

curves on the time-distance plane  Amein, 1966b; Fletcher and Hamilton, 1967;

Ellis, 1970!. The main disadvantage of this method is that considerable inter-

polation becomes necessary when presenting the results. It is very awkward for
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natural water-basins of irregular shape  Amein, 1967!.

In the implicit method, an unknown in a given time step depends upon the

variables in the previous time step as well as on the other unknowns in the given

time-step  Amein, 1968; Amein and Fang, 1969 and 1970!. In this method,

becomes necessary to solve by iteration a great number of simultaneous non-linear

algebraic equations. Wylie �970! compared the different numerical methods and

concluded that in the implicit method an incorrect result is possible if the

reach lengths and corresponding time increments are increased to extreme values.

It has been observed that under certain conditions, the implicit difference

equations exhibit oscillations  Liggett and Woolhiser, 1967; Baltzer and Lai, 1972;

Fread, 1973!.

In the Lax-Wendroff method, the computations are tedious, the programming

is complex, and changes in the program are difficult to make. However, the

technique offers the benefits of stability, relatively longer time steps and

accuracy  Amein, 1971!. The method was used to analyze circulation patterns

in Pamlico Sound by Chu �970!.

In the explicit method, the numerical procedure for the solution of

equations is essentially based on finding the values at a future time step by

extrapolating from the previous time step, subject to the laws of mechanics as

well as the initial and boundary conditions. In this study, the direct explicit

method is used because it is simple to formulate, provides greater flexibility

in making changes or improvements in the programs, facilitates the introduction

of input data or physical parameters, and the step-size is relatively independent

of the size of the system  Amein, 1971; WRE, 1966!.

The Ex licit Method

This method is based on the basic differential equations without going

through some intermediate transformations. The method is called explicit because

the unknowns can be computed explicitly from the algebraic finite difference
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equations,

Stoker, Isaacson, and their colleagues �953, l954, l956, 1957! have done

pioneering work in applying the explicit method to flood routing in Ohio and

Mississippi rivers. Schaake �965!, Amein �966a!, Liggett and Woolhiser �967!,

and Garrison et al.  l969! have also applied different forms of the explicit method

to other types of flow problems. The grid size and time steps in the explicit

method are governed by considerations for the stability of its numerical scheme

for computations. The surge computations of Reid and Bodine  L968! and of

Jelesnianski  l966! are based on the explicit method.

Figure l shows a rectangular network for the explicit method. The x and

y coordinates are represented by i and j whereas the time step is given by k.

The finite difference approximations which are used to represent the partial

derivatives can be derived by truncating a Taylor series expansion of a function at

a point  Hildebrand, 1968; Ames, L969; Mitchell, L969; Stark, 1970!:

2 2 3 3
m x+dx,y! = m x,y! +Ax>  x,y! +,  x,y! +,  x,y!+ � � �.L!a> Px! 8a

3x Bx

where 5 represents the variable of interest. Dividing by hx and rearranging

Bx
�  x, y!

hx
+ 0  hx! �. 2!

where 0 hx! represents the order of magnitude of the truncation error. In the

subscripted notation, equation �.2! could be written as:

k k

+ 0  hx! �.3!

where i, j, and k represent x, y, and t axes as given before. Equation �.3! is

generally described as the "forward difference" form of the finite difference

representation. Similarly, other forms of such relationships can be derived or,

more simply, wri.tten by visualizing the relationship between slopes and values of



12

k+

FfGURE 1. Fixed Rectangular Network For Explicit Method
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a function at separated points. For example,

k k k
30. 0.. � n

i i
+ 0 hx! �.4!Bx hx

k k

+ 0 [ hx! ]
2 �. 5!

Bx

Similar expressions can be written for partial derivations with respect to y.

Equation �.4! shows the "backward difference" and equation �.5! shows the

"central difference" forms of the given partial derivatives. By using more

neighboring points, an unlimited number of other finite difference approximations

can be obtained. However, the three forms as given above are compact and have

been found to be the most useful in finite difference modeling of river and

estuarine systems.

In this study, the central difference form is used to get the finite

difference expressions for all partial derivatives with respect to x and y.

Similarly, the partial derivatives with respect to t are approximated by using

the forward difference scheme as given below:

k k+1 -k
3 x  X

i
�. 6!Bt Lt

where

� k 1 k k k k
a.. = �  u +u . +u . +<ai, j 4 i+I, j+1 i-l, j+1 i+1, j-1 i-l, j-1 �. 7!

it should be noted that in equation �.6! a as defined by equation �.7! isk

i,j

used instead of what would generally be expected,  x . This is essential ink

i,j

order to satisfy the stability considerations.



i,j 2Ax i+1,j i+1,j i+I,j i-l,j i-l,j i-l,j

�. 8!

i,j i,j L i+1,j i-l,jJ 2Ax i j L i,j+1 j lJ 2Ay

-g h., � h . � + f.v .,At � g.s,u j.Atk k At
i+1,j i-l,j 2Ax ' i,j

w .At

+
�, 9!

h.+d.
i,j i!j

i,j i, j L i+1,j i-l,jJ 2Ax i,j L i, j+1 i,j-lJ 2Ay

T kg Lhi j h. g A f.u ..At � g.s .v ..At

w .At
�.10!

+ h . +d.
i j i j

where

2   k 
   k 

�.ll!

S
f 4/3

2 22 h . + d !
i,j i,j

When all the partial derivative terms in the basic equations �.1, 2.2,

and 2.3! are replaced by their corresponding finite difference forms as given

in equations �.3! through �.7!, the following algebraic equations are obtained:
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C p V
sx daw

w cosh
x p P

�.12!

and

T C p V
2

w =~s dawy = sind
P P

�.13!

where 6 is the angle between the wind direction and the x-axis.

If values of all the variables are known at all locations at a given time,

say k, then the three algebraic equations can be solved explicitly at time  k+1!

and point  i,j!. The values for other grid points at  k+1! are also obtained

in the same way. The computations can then be extended to succeeding time

steps  k+2!, k+3!, until all the desired values become known.

Initial and Bounda Conditions

The solution of finite difference equations, as described above, requires

that the initial and boundary conditions be satisfied. The initial conditions

would be given by the known values of water velocity, direction and depth

at all locations in the waterbody at a given time.

The boundary conditions would be prescribed by the values of water discharge

with respect to time at all inflow and outflow locations. If necessary, the

discharge can be replaced by water surface elevations at the points where rivers

make a junction with the waterbody and at tidal inlets. At all other boundary

points, it is assumed that there is no flow across the boundary, i.e., at the

points on solid boundary, u=O and v=O. In the case of wind-driven circulation

and resulting water quality, the wind speed and direction with respect to time

would also be required at all points.

It should be noted that in applying the model, specific numerical values

of some parameters are needed. These parameters are: the coriolis coefficient,

the bottom friction coefficient and wind stress coefficients in longitudinal

and lateral directions. Many of these coefficients are difficult to evaluate
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of the corresponding linearized forms. This stability analysis, by O' Brien

�951!, has been used by Abbott and Ionescu �967!, Leendertse �967!

and others. For the hydrodynamic equations, this approach results in the

«LLowing limit on allowabLe time step in rectangular grid explicit formulation:

At
Ax � c �. 16!

2 2 4/3
in which f = gn .V/2.22 R , the barred quantities representing average flow

conditions,

In this study, the basic Courant condition as given by equation �.L4! was

used as the stability criterion. While calculating the size of time step, the

minimum value of numerators and maximum value of denominators were used. This

approach leads to a conservative estimate of At, since the maximum and minimum

values of the relevant parameters would rarely occur at the same point.

~Com utations

l. Compute u, v and h at the interior points marked by "squares" on alternate

rows with even numbered values of x. Use basic equations and get necessary

The water body to be studied is simulated on a rectangular grid system

and a boundary is drawn through the grid points so as to fit a map of the natural

boundary closely. A suitable scale determining the grid size and grid density

is selected. The coordinates of a point in the water body are identified by the

subscripts  i,j!, where i represents the abscissa, and j represents the ordinate.

Time is represented by the superscript k.

To begin with, the values of local depths at mean low water  MLW! are known

at some grid points. The depths at other points are determined by interpolation.

The minimum value of depth was assumed to be five �! feet, which implies that

the boundary chosen in the model lies well inside the natural boundary. With

initial conditions being known, the circulation parameters are computed at each

future time step by the following schedule:
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data from previous time step.

2. Compute u, v and h, at the interior points marked by "squares" on alternate

rows with odd numbered value of x. Use basic equations and get necessary

data from previous time step.

3. Compute u, v, and h, at interior points marked by "circles" on one grid

inside the boundary. Use basic equations and get necessary data from

previous time step.

4. Compute u, v, and h at the remaining interior points marked by "circles"

on alternate rows with odd numbered values of x. Use mid-side averages of

the values already computed in current time step.

5. Compute u, v and h at the remaining interior points marked by "circles"

on alternate rows with even numbered values of x. Use mid-side averaging

of the values already computed in current time step.

6. Compute h at all boundary points using the condition of geometric compati-

bility.

7. Compute u and v at inflow junctions using the current val.ues at the corres-

ponding nearest interior points and at outflow locations from the computed

values of discharges and depths in the current time step. The values of u

and v at all other boundary points are equal to zero.

Interior Grid Points

The interior grid points are marked by "squares" and "circles" alternately

in both directions as explained above. Knowing all the initial boundary conditions

at a time, t=k, the values of u, v, and h are computed at interior "square" points

by using the finite difference equations �.8 to 4.10!. Figure 2a gives the

computational module for an interior "square" point,  i.j!. It is noted that the

previous time step values at eight neighboring points are used in the computations.
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The values of parameters at interior "circle" points are found by mid-side

averaging of the current type step values already computed at the four neighboring

"square" points  Figure 2b!.

V. HYDROGRAPHY OF PAMLICO SOUND

H drolo ical Information

The Pamlico Sound, located in eastern North Carolina, is the largest of

the embayments formed behind a narrow strip of barrier beaches along the Atlantic

Coast of the United States. As compared to other embayments along the U. S.

Coast, it is relatively shallow and has an estimated total drainage area of

20,000 square miles  Roelofs and Bumpus, 1953!.

The Pamlico Sound  Figure 3! is bordered by the mainland with its tributary

rivers on the western side, and by the Outer Banks on the eastern side. At its

northern end, it connects with the Albermarle Sound through the Croatan and

Roanoke Sounds. In the southern direction, it is continuous with the Core Sound.

The main tidal inlets that connect Pamlico Sound to the Atlantic Ocean are Oregon,

Hatteras, and Ocracoke Inlets.

Pamlico Sound covers an area of approximately 1700 square miles. It is

nearly 70 miles long in the southwest-northeast direction and 10 to 30 miles wide

in the southeast-northwest direction, being narrowest at the northern end and

widest opposite Hatteras Island. The average depth in the sound is approxi-

mately 16 feet. A deeper water area is found on the west side of the main body

with a maximum depth of 22 feet. Shoaling regions are located near the entrances

for Neuse and Pamlico rivers and near the tidal inlets.

Two large river systems, the Neuse-Trent and the Tar-Pamlico, discharge

directly into the sound. Two other rivers, Chowan and Roanoke, empty into the

Albemarle Sound which in turn discharges to Pamlico Sound through Croatan and

Roanoke Sounds. In addition to the four river systems, there are many short,
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wide streams which contribute to the water supply of Pamlico Sound complex by

draining the surrounding swampy areas. However, the quantitative nature of such

contributions has not been fully evaluated.

The average annual rainfall on the contributing basins exclusive of the

coastal region itself is in excess of 45 inches. Runoff, however, is only 30K

of this amount or about 14 inches per year. Maximum runoff takes place in the

spring months and minimum runoffs occur in June and again in October and November.

Evaporation data are sparse but from preliminary studies it appears that during

the summer months, evaporation and rainfall are about equal  Smallwood and Amein,

1967!.

Factors Affectin the Circulation

There are many natural factors which significantly influence the hydrodynamics

of Pamlico Sound. These include the evaporation and rainfall, surface wind stress,

freshwater inflows, tidal exchange, coriolis force due to rotation of the earth,

and bottom topography.

The influence of evaporation and rainfall can be neglected because they are

evenly distributed over the sound. The coriolis force is significant only for

water bodies much larger than Pamlico Sound and therefore in this study, the

coriolis stress coefficient is assumed to be zero. The frictional forces due

to the irregular bottom topography have been calculated using a Manning coefficient

of 0.02.

The mouths of Oregon, Hatteras and Ocracoke Inlets are small as compared

to the width and size of the Sound. Therefore, there are no perceptible lunar

tides away from the inlets  Posner, 1959!. The dominating factor in determining

the flow pattern in the sound is the wind force. According to Roelofs and Rumpus

�953!, the currents in Pamlico Sound, which are relatively weak, depend mainly

upon the direction and velocity of the wind and, not upon tidal oscillations.

Hurricane driven tides may be in excess of five feet in some parts of the sound
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 Smallwood and Amein, 1967!. Minimum wind influence occurs in the months

of June and July.

The effect of mean annual freshwater inflow to the sound is also small.

Therefore, except during the flooding season, the runoff current would easily

be overpowered by the currents due to the wind friction.

Freshwater is discharged to the sound from the Neuse and Pamlico rivers and

from Roanoke and Croatan Sounds. Gage records at Tarboro and Kinston can be

used to estimate the flow from the Pamlico River and the Neuse River. A statis-

tical analysis of the flood flow for these two rivers is given in Figure 4  Chu, 1970!.

It is estimated that 52X of the flow from the Neuse River and 49X of that for

Pamlico River is contributed by ungaged parts of their drainage basins. Therefore,

in determining the total flow from these two basins into the sound, it is assumed

that the discharge from ungaged areas is proportional to that for the gaged areas.

The average inflow from Roanoke and Croatan Sounds is assumed to be equal

to the discharge from the Chowan River, the Roanoke River, and 4000 square miles

of marshes into the Albemarle Sound. The average annual flow from the Chowan

and Roanoke rivers is estimated to be 1.10 cfs per square mile  USGS, 1963;

Hammack, 1969!. The discharge from marsh areas is estimated by Hammack �969!

to be 1.00 cfs per square mile. The distribution of Albemarle Sound discharge

between the Roanoke and Croatan sounds is assumed to be directly proportional to

their cross sectional areas. Based upon this assumption, Jarrett �966! estimated

that 85X of the flow passes through Croatan Sound and only 15X is carried by the

Roanoke Sound.

Tables 2 and 3 give the mean annual values and percentages of all freshwater

inflows to the Pamlico Sound and Table 4 shows the estimated values of 5, 10,

and 20-year flood flows as given by Chu �970!.
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FIGURE 3 Location Map Cf PamIico Sound And Its Tributary
Waters
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Estimated Total
discharge discharge

 cfs!  cfs!

Ungaged
Area
 mi2!

Gaged
Area

 mi !
Discharge

 cfs!Basin

518012423938 20393601

45701967 215024202233

93401185122081558410

533550204555315255

400040004000

TABLE 3. MEAN ANNUAL DISCHARGE AND THE PERCENTAGE OF
DISCHARGE FROM THE ENTRIES TO PAMLICO SOUND

Mean annual discharge
 cfs!

Percentage of discharge
 X!

Entry

6180 21Neuse River

4570Pamlico River 15. 5

15,830 53. 7Croatan Sound

9.82 845Roanoke Sound

10029,425Total Amount

Neuse River

Pamlico River

Roanoke River

Chowan River

Marshes

TABLE 2 ~ MEAN ANNUAL DISCHARGE FROM THK DRAINAGE
BASINS CONTRIBUTING TO PAMLICO SOUND
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TAELE 4. ESTIMATED 5, 10, AND 20 YEARS FLOOD FLOW
FROM THE ENTRIES TO PAMLICO SOUND

20 years flood
 cfs!

10 years flood
 cfs!

5 years flood
 cfs!

Entry

Neuse River

Pamlico River

Croatan Sound

Roanoke Sound

36,000

42,000

92,000

16,800

46,000

54,000

117,400

21,400

70,000

80,000

178,800

32,600
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Vl. APPLICATION OF NUMERICAL MODELING TO PAMLICO SOUND

Neuse River, Q

Pamlico River, Q

70,000 cfs

80,000 cfs

Croatan and Roanoke Sounds, Q 211,400 cfs

The limited field data on Pamlico Sound indicate that there is little

vertical circulation in Pamlico Sound and the shallow water conditions prevail

 Roelofs and Bumpus, 1953; Amein, 1971!. The vertical salinity gradients are

uncommon in the sound and it can be assumed to be well mixed in the vertical

direction  Roelofs and Bumpus, 1953; Posner, 1959; Woods, 1967; and Amein, 1971!.

Therefore, in this study, the shallow water equations derived in Section 3 were

used for analyzing the circulation in the sound. The Pamlico Sound was repre-

sented by the zig-zag boundary on a two dimensional 61x35 grid as shown in

Figure 5. Each cell represents a distance of 7422 ft. in either directi,on.

The grid points have been marked by "squares" and "circles" alternately in

both directions as explained previously. There are three openings representing

the mouths of the Neuse River, the Pamlico River and the Croatan and Roanoke

Sounds. Three more openings simulate the locations of Oregon, Hatteras and

Ocracoke Inlets.

The local water depths, d, have been noted from the hydrographical maps

of U. S. Coast and Geodetic Survey and other sources. A minimum value of 2 feet

depth has been assumed implying that. the boundary is drawn slightly inside of

the actual shoreline. It has been assumed that at time t = 0, the sound is still

at the mean low water level  MLW!, that is, at all interior points, the velocity

in longitudinal direction � u, the velocity in lateral direction � v, and the varia-

tion of depth with respect to MLW � h are all equal to zero. Unless specified

otherwise, it is assumed that the sound receives a constant freshwater inflow

equal to the estimated 20-year flood flows as given in Table 4, that is:
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When the tidal inlets are assumed to be open, their flow is calculated from

the difference in water elevations in the sound and those in the sea.

Nume r ic a 1 S imu1 a t ion

The Pamlico Sound is represented on a two-dimensional 61x35 grid as shown

in Eigure 5. The origin for the grid system is taken at the intersection of

35'N latitude with 76'W longitude. Each cell represents a square 7422 ft. x 7422

The x-axis makes an angle of 45' clockwise wi.th the 76'W longitude. Each point

the grid is identified by the double subscript  i,j! where i measures the

number of Ax steps from the origin along the x-axis and j represents the number

of Ay steps along the y-axis. Each point is further designated as a square if

the sum of i and j at that point is even, and each point is. designated as a circle

if the sum of i and j at that point is odd.

The grid points identifying the boundaries are numbered consecutively

clockwise from 1 to 192 starting at �,24!. Thus the Neuse River confluence

with the Sound is identified as grid points �,23!, �,24!, �,26!, and �,27!,

and also as boundary points Nos. 192, 1, 2, 3 and 4.

The procedure for numerical modeling consists of applying the equations

of motion in finite difference form between the lowest and highest values of

i on a given row. The computations are started at the bottom row  lowest j

value! and the solutions are marched row by row until the highest value of j
k

is reached. Assuming that the values of all variables are known at time

then a complete sweep of the grid system inside the boundary points furnishes
k+1 kthe values of the variables at time step t = t + At. To avoid possible

instability conditions, a staggered computational scheme is used in that the

variables are computed at staggered points on the network by finite difference

equations based on the hydrodynamic equation and the values at the remaining

points are calculated by averaging the values from the adjacent neighborhood.

The two sets of points are recognized by the sum of i and j. Thus the value of
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of u, v, and h may be computed by the finite differences at points marked

by squares, and the values at points marked by circles may be determined by

averaging. For example, the values of u, v and h are computed by the use of

equations 4.9, 4.10 and 4.11 at points �5,21!, �7,21!, �6,22!, �5,23! and

�7,23! and the value of u, v and h at �6,21! is calculated as:

u�7,21! + u�5,21! + u�6,22! + u�6,20!

E v�7,21! + v�5,21! + v�6,22! + v�6,20!
h�7,21! + h�5,21! + h�6,22! + h�6,20!

u �6,21!
1

v �.6,21!
1

h �6,21!
1

For the sake of consistency, the values at points marked by squares are

computed by equations 4.9, 4.10 and 4.11, and the values at points marked by

circles are computed by averaging the values at adjacent points. It is also

expedient to compute the values at all points one grid inside the boundary by

the use of equations 4.9 through 4.11 regardless of whether the sum  i+j! is

odd or even.

Boundar Conditions

A major problem in the computation of flow in two dimensions is the speci-

fication of boundary conditions. If the values of the discharge or water surface

elevations are kno~~, then these values could be prescribed as the boundary

conditions. However, with the possible exception of using the sea-level as the

boundary, the ~ater surface elevation or the discharge at the boundaries of a

water basin may not be known. Furthermore, the determination of these values

at the entrances to the basins may be the primary purpose of the model.ing effort.

The boundary conditions used in this model at the confluence of the rivers

with the Sound are given as "geometric compatibility" conditions. The "geometric
ucompatibility condition assumes a linear variation of water surface elevation

and water velocity with distance extending outward from the Sound into the rivers.
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This condition permits the reversal of flow from the Sound into the rivers

under the action of strong winds. However, from the hydrodynamic point of view,

is a weak condition and is not as satisfactory as the use of values of stage

or discharge.

The "geometric compatibility" condition is also used for the computation

of water depth at the land boundaries. The water surface is assumed to have

the same slope at the land boundary as at points one grid inside the boundary.

The velocity, however, is taken to be zero at the land boundary.

The boundary points are classified into eight  8! types depending upon

the location of the point. Each type requires a special boundary equation,

For example, the equation for determining the stage at �0,10! is different

from that at �0,22!. The boundary points under each type of classification

and the boundary equations pertaining to a given type are given in the computer

programs and are printed in Section 11.

dH
K H

de 2 1
�. 1!WhenH ! H

or
dH

1 2
-K H When H > H �. 2!

Tidal Exchan e Com utations

The flow through a tidal inlet is derived from the hydraulic gradient

between water surfaces in the basin and the sea. The discharge is influenced

by many factors including the turbulent frictional resistance of the connecting

passage, channel and basin geometry, and the relative values of water elevations

in the basin and the sea. A number of methods have been developed for the flow

computations in a tidal inlet  Brown, 1928; Baines, 1957; Dronkers and Schonfeld,

1955; Baines and Knapp, 1965!. However, these methods are applicable to relatively

small basins of regular shape. Keulegan and Hall �950! and Keulegan �967! formu-

lated the rheological system of a relatively long inlet connecting a basin with

uniformly changing water surface to a sea:
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as:

Q = K ~ H � H
2 1

�. 3!H2 Hlwhen

or

Q = -K. H � H
1 2

when �.4!H > H

In applying this formula to the tidal inlets at Pamlico Sound, it was

assumed that the sea water surface remains at mean sea level. H was found

by averaging the values of water stage at the inlets. The coefficients of

discharge for Oregon, Hatteras and Ocracoke inlets were taken as 98800, 108500,

and 165400 respectively as calculated in Table 5. The sign convention followed

for Q was that it was positive for inflow and negative for outflow.

TABLE 5. VALUES OF DISCHARGE COEFFICIENTS FOR TIDAL INLETS

Observed

transport

during flood
conditions*

3

Mean half Estimated

tidal range proportionate
 Ah! discharge Q! K=Q/ Ah

Mean tidal

range*
Inlet

cfs

56 x 10
6

65 x 10
6

96 x 10
6

1.8 98800

108500

165400

Oregon

Hatteras

Ocracoke

0.9 93,500

108,500

159,400

361,400

2.0 1.0

1.9 0.95

TOTALS 217 x 10
6

*SOURCE: Roelofs and Bumpus �953!

where H is the water stage in the basin with respect to mean sea level, H2 is
1

the water stage in the sea with respect to mean sea level, 9 is the specific tidal

time and K is a coefficient of discharge.

Keulegan's method i.s applicable for systems in which the propagation of

the tidal wave may be neglected  Broome, 1968!. Therefore, it was applied to

find the flow through Oregon, Hatteras, and Ocracoke inlets between Pamlico Sound

and Atlantic Ocean. Equations �.1! and �.2! were rewritten for Pamlico Sound
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Selection of Time-Ste

The size of the computational time-step, ht, is governed by stability

considerations and desired accuracy of the results. If ht is reduced below

a certain value, the benefits of accuracy may be far less than additional

expenses in terms of computing time. On the other hand, if At is increased

beyond a certain value, the savings in computing time may be at the expense

of stability of the numerical scheme thereby introducing significant errors

into the results.

The condition of stability used in this study is the famous Courtant

condition as given earlier, that is:

hx

� V~g
In the present model for Pamlico Sound, hx ~ 7422 ft., maximum assumed

value of V = 5 ft/sec., maximum value of h+d 22 ft., and g is the gravitational

constant. Using these values in equation �.5! shows that h t should be less

than or equal to 4 minutes. It should be noted that the parameters in the

denominator are estimated at their maximum values. Under actual conditions, it

is improbable that the values of velocity and depth will be maximum at the same

time at a point. Therefore, values of ht as high as 5 minutes can be used.

Calibration of the Mathematical Model

It needs to be emphasized that mathematical models, such as the one presented

in this report, must be calibrated before they can be used with confidence. The

procedure calls for a sensitivity analysis of the model on a known set of field

data. The different factors in the model are thus adjusted so that the computed

values of the parameters under consideration would closely match the values

actually observed in the field. After such fine tuning of the model, it would

be called "reliable", that is, the results predicted by it would be accurate

and reproducible.
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VII. CIRCULATION DUE TO FRESHWATER INFLOW AND WIND

The general computer program prepared for Pamlico Sound can be used

determine the circulation patterns due to freshwater inflow, tidal exchange

and the wind. This section is concerned with the presentation of computational

results using freshwater inflow and wind.

Circulation Due to Freshwater Inflow

The finite difference equations representing the hydrodynamic equations

subject to the boundary conditions are solved at appropriate grid points in

the Sound. The values of freshwater inflows for 20 year floods as given in

Table 4 were used. It was assumed that there is no flow through the inlets,

therefore the coefficients of discharge were assigned zero values. Figures

6 and 7 give the velocity vectors and contours for water levels at Time 360

and 1440 minutes respectively. The time-step used for calculations was 1

minute. The arrows represent the magnitude and direction of water velocity.

The water level contours show that the incoming water slowly gets distributed

in the interior space. It is noted that all values of h are positive because

there is no outflow and the water keeps piling up, However, because of the

large size of the sound, the absolute values of increments in depth are relatively

small.

Circulation Due to Uniform Wind

When a wind of constant speed is assumed to blow uniformly over the sound,

and no inflows or outflows are permitted, the circulation patterns reflect the

true effects of uniform wind stress. The input data, in this case, is prepared

such that the speed and direction of wind is the same at all points and remains

constant with respect to time. The inflow and outflow terms Q , Q , Q , Q , Q

-3and Q are all set equal to zero. The wind stress coefficient C of 2.50 x 10

is used in all cases. The minimum value of total depth under the influence of

wind force is assumed to be 2.0 ft. to avoid singularity condition as explained

earlier.
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 a! Northerly Wind at 70 Miles Per Hour:

In this case, the direction of wind makes an angle of 225' with the

positive x-axis. Performing the computations for a time-step of l minu«>

the resulting circulation patterns at 29 minutes are shown in Figure 8.

noted that the wind induced water velocities are much larger than those

given previously for freshwater inflows only. The water surface is depressed

below the MLW on windward side and i.s elevated on the leeward side. The water

surface profile at Time = 2880 minutes along the longitudinal section y = 20

is given in Figure 9,

 b! Southerly Wind at 70 Miles Per Hour:

Here the wind is blowing from the South, making an angle of 45' with the

positive x-direction.

 c! Westerly Wind at 70 Miles Per Hour:

When the wind is from the west making an angle of 315" with the positive

x-axis, then for ht = 4 minutes, the circulation pattern for 240 minutes is

shown in Figure 10. The water surface profile for this case is given in Figure 9.

Pamlico Sound Sub'ected to Variable Wind Stress

The wind force acting over Pamlico Sound is rarely uniform and constant

in nature. Generally, the wind stress would differ from point to point and

would vary with respect to time. The procedure for computing circulation patterns

would be fundamentally the same as for uniform winds with requirement that the

wind field should be prescribed with time.



38

0
il

I
I

/

/

0 0 0

0
0 qp

0LI g
0

V0

/
/

/
/

/
/ Q

ei

I
I
I

q lA
'a

92
92
92 I
1 I

I
I

go,j
/

/
/

/

V-

E0 L 0

I I I
I

o

o
lP!

Q4
C t

g '0

II 0

~O

b

0

a
4l 0

C
0

0

o Z
0

C 0



39

0

O Ol -1 25 30 35 40 45 50 55
X

FIGURE 9 ~ Water Surface Profiles Along Longitudinal Section at
y= 20 at Time = 2880 Minutes for 70 MPH Winds from
Different Directions as indicated.
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Effect of Size of Time Ste

In order to evaluate the effects of At on the stability of the results,

the computations were performed using the tine-step values varying from 1 to

6 minutes. The results are summarized for each run at selected grid points

in Table 6. It is noted that the program becomes unstable beyond At = 5 minutes.

However, there is slow impairment in accuracy of the results as the value of

is increased. There is, however, significant savings in computing time at

higher values of At as shown in Table 7. Therefore, the size of time-step

should be selected based upon the desi.red accuracy of results subject to the

stability considerations.

VIII. MODELING OF HURRICANE SURGE

Numerical modeling is an effective tool for predicting surges caused

by hurricanes. The irregular boundary, the non-uniform bottom topography,

the changing wind pattern, the variable barometri.c pressure and other causes

can be included, and the dynamics of surge movement can be calculated. This

technique can be useful in the planning and operation of hazard warning systems

and also in land use management.

It would be highly desirable that the model should be verified so that

its accuracy and reliability be established. It is also important to know what

type of information must be provided to generate useful results. Unfortunately,

it is costly and hazardous to obtain precise data under hurricane conditions.

In this section, application of the numerical model for the purpose of predicting

the surge during hurricane Donna will be given. It should be emphasized that

the application is primarily for purposes of illustration. Although limited

data on the hurricane wind and on shore surge heights are available, the data

lack precision and are at best rough estimates of actual conditions.

Hurricane Donna of September 1960 was the first storm with hurricane
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TABLE 7. EFFECT OF TIME-STEP ON COMPUTATION COST*

Time Used

Minutes; Seconds
Time-Step

Minutes
CPU

Minutes: Seconds Core Time, K-sec.

3:59.4

2:25.0

1:48.7

1:31.6

1:18.4

4:57.144563

3:22.830428

24975 2:46.5

2:29.422416

2:16. 220434

Instability of results after 360 minutes of flow

*In each case, t = 1440 minutes and the results were printed after every 60 minutes.



force winds in Florida, Middle Atlantic States, and New England in a 75-year

record  U.S. Department of Commerce, 1971!. The track of hurricane Donna is

shown in Figure ll. After traversing the Florida Peninsula, it continued in a

northeasterly direction in the Atlantic Ocean until its second landfall in the

Cape Fear area in North Carolina. The diameter of the eye of Donna was generally

about 60 miles, but varied from 50 to 75 mil.es. The forward movement of Donna

in the vicinity of Pamlico Sound is shown in Figure 12. The wind speed and direction

recorded by weather stations at Hatteras, Cherry Point, New Bern and Elizabeth

City are given in Table 8.

For the computation of wind effects, the Pamlico Sound was divided into six

zones as shown in Figure 13. The velocity and direction of wind for different

zones are found by interpolation. The resulting data are given in Table 9. It

is noted that the values used for Zone 2 in Table 9 are the actual observations

at Hatteras station.

The starting time t = 0 was set at 1500 hours on September 11, so that the

first set of observations at 1600 hours could be used as data for t = 1 hour. In

this way, the data for a total of 17 hours  up to 0800 hours on September 12! were

used. After that, the last values in different zones were assumed to remain constant

with respect to time. The values of wind speed and direction at any intermediate

time were found by straight line interpolation between the two sets of hourly

values. These values are used in the expressions for w and w , the wind stress
x y

parameters in x and y directions as given by equations �.12! and �.13! respectively.

The wind data for hurricane Donna given in Table 6 was used along with

freshwater inflow and tidal exchange. The report of U, S. Army Corps of Engineers

�961! showed that on the morning of ll September 1960, the mean water level in

Pamlico Sound was about 1.0 foot above the mean sea level. The sound water ele-

vations were given according to a datumline at 4.0 ft. below mean sea level to

avoid any negative numbers.
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FIGURE 12

Scale: 1" 40 Miles

The Forward Movement Of Hurricane Donna ln The
Vicinity Of Pamlico Sound, 11-12 Sept. 1960
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During calculations, a minimum depth of 2,0 feet was assumed to avoid any

singularity condition. The initial and boundary conditions used provided for

adjustment in inflow and outflow according to the changing water elevations at

the junctions in the sound. Figures 14, 16, 18 and 20 show the sound water

elevations for hurricane Donna as calculated by the model and Figures 15, 17,

19 and 21 show the contours as sketched by the staff of the U. S. Army Corps

of Engineers �961! from observed tide gage records.

After a close examination it can be noted that the contours for water

elevations from the computations are similar to the contours from "observed"

data. Some discrepancy between "observed" and computed data would be expected.

The observations reflect the conditions in the Sound prior to the start of

hurricane wind action. In the model, the imposition of instantaneous inflows,

winds and other factors provide a different set of initial conditions. Moreover,

the data are extrapolated from four distant points and represent only approxima-

tions of the actual wind speeds. Therefore, only the overall trend of the

observations need to be compared, especially because there were no actual measure-

ments of water surface elevations inside the Sound and the contours were sketched

from tide gages, some of which were considerable distances away from the Sound.

The model shows great potential for the prediction of circulation and water

surface heights under given wind conditions.
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IX. SUMNARY AND DISCUSSION

This study presents the development and applications of a two-dimensional

model for circulation under unsteady flow conditions. The physical laws

governing the water movement are given by partial differential equations of

the hyperbolic type. The analytical solution for these equations is not

feasible without making simplifying assumptions. In this study, the complete

equations have been numerically solved by the explicit method using a fixed

network of points. Therefore, the results are- expected to be more representative

of the actual processes.

The basic equations of motion and continuity are solved subject to the

initial and boundary conditions. The size of time-step for computations was

determined on the basis of stability considerations for the numerical scheme.

The computer program was developed with deliberate emphasis on simplicity so

that the model can be actually used by concerned agencies for real management

problems. A users' manual has been prepared and included in the appendix with

necessary instructions regarding the input and output data. The model was used

to simulate the water movement in Pamlico Sound, North Carolina. The input data

used were based upon the available information for the sound. First, the factors

affecting the fluid transport in the sound were studied. Et was found that

surface wind stress, freshwater inflow, and tidal exchange are the controlling

parameters, in that order of significance. Therefore, the investigations were

limited to the effects of changes in these factors on the circulation.

The Pamlico Sound was represented by a 61 x 35 grid with a zig-zag boundary.

In the first case, it was assumed that there is no outflow from the sound and no

wind forces are acting. Thus, only the freshwater inflows and their effects on

the sound, were studied. It was found that the circulation pattern develops very

slowly. As no outflow is allowed, the water level continues to rise, even though
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the absolute increase is not so high because of the vast size of the sound.

The sound was then subjected to uniform wind stresses. It was assumed that the

wind blows at a certain speed, and from a certain direction uniformly over the

sound and remains constant with respect to time. As expected, it was found that

the water surface is pushed below the original level on windward side and was

driven above its level on leeward side. Various wind speeds from different

directions were studied with the same general result. It was noted that at some

points near the boundary, there was a tendency for wave formation. It was found

that wind forces did have pronounced influence on the flow of water in the sound.

Finally, the model was used to compute hurricane surge. The available data for

hurricane Donna were used after necessary extrapolation. It was assumed that the

tidal inlets are open and the flow through them is dependent upon the difference

in water levels in the sound and the Atlantic Ocean.

It was observed that the circulation pattern changes with the corresponding

change in wind speed or direction at any point. The circulation results were

compared against actual water elevations in the sound during hurricane Donna,

furnished by the U. S. Army Corps of Engineers �961!. Due to the limitations of

the field data and uncertainty in the choice of coefficients, strict model veri-

fication is not expected. The field data could be used to determine if the model

results are reasonable. It was noted that the general trend of contours was similar.

The model developed here can be used as a powerful diagnostic and predictive

tool in regional water management for rivers and estuaries and hurricane protection

in coastal areas. Given the necessary physical and hydrological data on a water

body, its inflows, outflows, and wind forces at a time, the changing circulation

patterns can be studied. The model provides tables and/or plots of the computed

results at selected times of flow. Thus, it would be useful in simulating a

time-history of the change in magnitude and direction of velocity and water stage

at any point in the sound. A spatial variation of these paramenters can be obtained
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by drawing water surface profiles along selected longitudinal or lateral sections.

A steady state model can be obtained by simply assigning zero values to all those

terms in the basic equations which involve partial differentials with respect to

time, t,

The model can be used to determine the exchange of water between the sound

and the sea by specifying the appropriate coefficients of discharge, the charac-

teristics of the inlets and the value of mean sea level. Accordingly, the model

can be used to find the flushing time for the sound and also for verifying any

data obtained by field monitoring of the flow conditions. The model can prove

invaluable in studying the expected flooding conditions and designing effective

measures for controlling the resulting damage in coastal areas during unusual

flow conditions, such as hurricane force winds from the most critical direction.

It should be mentioned that in order to improve the model further, more

field data need to be collected on the variation in currents and stage with

respect to time at various points in the sound. The incoming flows should also

be measured over time. Similarly, the direction and velocity of wind at standard

anemometer heights should be observed at different representative locations in

the area. With more data available, the model can be calibrated with greater

precision. The validity of any assumptions made can also be established.

It would also be advisable to test other numerical methods for solving

the equations and for comparing their efficiency in terms of accuracy of results,

stability of the numerical scheme and requirements of computation time. The model

should also be used with other values of inflows and a more sophisticated relationship

for tidal exchange. The effect of changing the grid size and the use of variable

grid size should also be investigated, In the present study, the sound was divided

into six zones for variable wind analysis. lf better data are available, a different

value of wind speed and direction can be used at every grid point.



The solution of equations near the boundaries should also be improved.

Presently, the depth values at boundary points are obtained by geometrical

compatibility. This procedure could be introducing some error in the results-

A better method of handling the computations at the boundary points should be

investigated.
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XI- COMPUTER PROGRAMS

Introduction

The purpose of this manual is to acquaint the users with the computer

programs and give pertinent information about their input and output data.

The program listings are also provided. The computer programs are written in

Fortran IV language and were run on an IBM 370/165 model.

The program is written for Pamlico Sound, North Carolina with a zig-zag

boundary. The program uses the explicit finite difference method for numerical

solution of a set of hydrodynamic equations with appropriate boundary and

initial conditions. The operation of this program produces a time history and

spatial distribution of water depths, magnitude and direction of water velocity.

The general programs can be run for a number of different flow conditions,

as will be described later, by making minor changes in the input data. The deck

of cards for each program has five parts, that is, JCL cards, main program,

subroutines, data deck, and plotting program. The JCL cards provide vital

information about the job to the machine operator. The programmer specifies

the time for computations, maximum number of pages for print out, etc. The

main program and other parts are described in the following section. The plotting

program is not given because some of the subroutines are not available at other

installations, and the type of plot desired is subject to the individual's choice.

Descri tion of Pro rams

Main Program

The main program writes the title and assumptions used, specifies real and

integer variables, assigns storage spaces, defines all the variables, initial-

izes all parameters, reads and echo prints the input data, specifies initial

boundary conditions at all points of inflow and outflow, and coordinates all the

desired computations. It sets the basin conditions to be considered and calls



the necessary subroutines for performing the numerical calculations at

interior and boundary points in each time step. The results of computations

are printed according to specified formats. The main program also transfers

information to the plotting program through two discs. When the program is

satisfactorily completed, a statement to this effect is printed and the

computations are terminated.

Subroutine WIND

This subroutine computes the shear stress term due to wind at all grid

points at any time. The body of water is divided into six zones and a set of

values for each zone are given as input data. From the data the wind stress

term with longitudinal and lateral directions are determined for any time step

at all interior points.

Subroutine COMPU

This subroutine computes the longitudinal velocity  u!, lateral velocity  v!,

and depth of water  h!, at selected grid points in any time step.

Subroutine HCBDRY

This subroutine computes h, u, and v at the boundary points in any time step.

The values of h at all boundary points are calculated by the conditions of geo-

metrical compatibility. Mid-side points are used in writing the equations for

straight boundaries and corner points for those at the corners. For points next

to corners, the average of values computed for boundary points on either side are

used. The values of u and v are zero at all boundary points except at inflow and

outflow junctions where they are calculated from the corresponding values at the

nearest interior points or from computed values of discharge and depth.

Subroutine WCL C2

This subroutine prints the values of u, and v at all grid points in a

given time step. The values of time step and time increment are also printed.
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Data Deck

This part contains all the input data for the operation of circulation.

The data are punched on cards, using all 80 columns according to specified

formats and are in the order required by READ statements in the main program-

Each new READ statement taps information starting from a new data card.

Plotting Program

The plotting program plots the boundary of appropriate waterbody, velocity

vectors  showing magnitude and direction of velocity! at selected grid points,

contours for depth and necessary titles. The data used in this program are

transferred from the main program through two discs. The program includes five

subroutines named CONTUR, PLOTT, INTERP, CONEX, and CONFOL used in comPutation

and location of appropriate points for plotting the contours.

Descri tion of In ut Data

All of the input data required by the programs are in card form. Table 10.2

shows the various characteristics of input data used. The formats used for each

type of data are also given along with pertinent explanations. Input data are

given following the program listing.

The variable wind force data are based upon the actual observations for

Hurricane Donna. The velocity and direction of wind for the different zones

are found by following interpolation. The 16-hour duration used for the hurri-

cane corresponds to the time period from 16:00 hours on September ll., 1960 to

8:00 hours on September 12, 1960. The input data are rearranged and printed

after necessary computations according to the specified formats.

Descri tion of Out ut Data

The outputs generated by the programs at any time step are of five categories:

Wind speed, wind direction and other information at the current time step.

Values of u and v, all grid points in separate tables.

Values of absolute velocity and direction of water movement and water depth h at



selected grid points.

Values of absolute velocity and direction of water movement and water depth, h

at all grid points in one table.

Plots of velocity vectors at selected points and contours for h.

Sample listings of the printer output are shown in the following pages'

Use of Basic Pro rams for Various Plow Conditions

The programs described in this report can be adapted to another two

dimensional body of water by using the appropriate data on its geometry and other

related information. Corresponding changes in the computational steps will also

be needed. However, for Pamlico Sound, North Carolina, the given programs can be

used for various flow conditions with only minor changes in the input data or

initial and boundary conditions. Some important cases are as follows:

HYDROPS

If the value of wind stress coefficient on data card No. 8 and the discharge

coefficients on data card No. 9 are equated to zero, it would imply that there

is no wind stress and no outflow. The hydrodynamic  circulation! behavior of

the waterbody can then be studied under various inflow conditi.ons.

UNIWIND

If the V and b values are kept constant in all six zones and at all times,

the model gives the circulation patterns under the influence of uniform wind

stresses. Depending upon the inf].ow/outflow values on data card No. 3, and

the information on data card No. 9, the circulation for no inflow and no outflow

or inflow but no outflow conditions can be obtained.

VARWIND

If the V and d values vary in the six zones and with respect to time, then

the circulation patterns can be studied for the variable wind field and any

combination of inflow and outflow.
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TIDALEX

By using appropriate values for discharge coefficients for the tidal inlets,

the effect of tidal exchange on the circulation. can be studied.



DEFINITIONS

CD = coefficient of drag for wind stress, dimensionless.

= Manning's coefficient of bottom stress

= Coriolis coefficient

= depth of water at mean sea level, in ft., at grid point  I,J!

= distance step in the x and y-directions, in ft.

time step for computations, in seconds.

2gravitational constant., in ft./sec.

CM

CORIO

D I,J!

DS

H I,J! = water surface elevation above mean sea level at point  I,J! at
latest time, in ft.

HHS = water depth above mean sea level at Hatteras Inlet, in ft.

HO I,J! water surface elevation above mean sea level at point  I,J! at
previous time, in ft.

HOC

HOR

IB  N!

JB  N!

JL  I! index identifying the y-position of the boundary point on the
Column I, having the lowest J value.

JU I! index identifying the y-position of the boundary point on the
column I, having the highest J value.

coefficient of discharge for Hatteras Inlet.

coefficient of discharge for Ocracoke Inlet.

coefficient of discharge for Oregon Inlet.

a number identifying time, in hours at which wind data are given.

a number identifying all boundary points.

values of N identifying boundary points of type l.

KOC

KOR

KT

N

NB1  K!

elevation of the sea above mean sea level, in ft.

water depth above mean sea level at Ocracoke Inlet, in ft.

depth of water above mean sea level at Oregon Inlet, in ft.

an index identifying the x-position of a grid point.

an index identifying the x-position of boundary point numbered N.

an index identifyirig the y-position of a grid point.

an indes identifying the y-position of the boundary point numbered N.
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= values of N, identifying boundary points of type 2.

= values of N, identifying boundary points of type 3.

= values of N, identifying boundary points of type 4.

= values of N, identifying boundary points of type 5.

= values of N, identifying boundary points of type 6.

= values of N, identifying boundary points of type 7.

= values of N, identifying boundary points of type 8.

= a dummy variable for counting the rounds of computations.

= no. of grid points on the x-axis.

= no. of grid points on the y-axis.

the final time for which data are given, in hours.

total number of boundary points.

= maximum no. of time intervals as input.

= a number identifying the wind zone, see figure.

= Neuse River flow, in cfs.

NB2 K!

NB3 K!

NB4 K!

NB5 K!

NB6 K!

NB7 K!

NB8 K!

NDUM

NI

NKT

NN

NZ

Ql

Pamlico River flow, in cfs.

initial inflow from Croatan Sound, in cfs.

Q2

Q3

= initial inflow through Oregon Inlet, in cfs.  positive for
flow to the sea!.

Q4

initial inflow through Hatteras Inlet in cfs.  positive for flow
to the sea!.

Q5

= ini.tial flow through Ocracoke Inlet  positive for flow to the sea!,
in cfs.

Q6

flow through Hatteras Inlet, in cfs.

flow through Ocracoke Inlet, in cfs.

flow through Oregon Inlet, in cfs.

= Time, in Minutes

time for which computations will be terminated in hours.

QHS

QOC

QOR

TFIN

THETA I,J! = angle which the velocity vector makes with the x-axis, measured
counterclockwise, in degrees.



VO I,J!

VO I,J!

VL I,J! = absolute value of average velocity, at point  I,J!, in ft/sec.

VWD NZ,KT! = wind direction in zone NZ at time KT, measured counterclockwise
from the x-axis, in degrees.

VWS NZ,KT! = wind speed in zone NZ at time KT, in miles per hour.

WSC

WX I,J!

WY I,J!

TPRINT

U I,J!

time at which printed output is desired, in hours.

velocity in the x-direction at current time step, at point  I,J!,
in ft./sec.

velocity in the x-direction at previous time step, at point  I,J!,
in ft./sec.

velocity in the y-direction at current time step, at point  I,J!,
in ft/sec.

= velocity in the y-direction at previous time step at point
 I,J!, in ft/sec.

a coefficient equal to C  p /p ! �280/3600! used in the computation2
a w

of wind stress, when wind speed is given in miles per hour.

wind shear stress in the x-direction divided by the water density,
in ft2/sec2

wind shear stress in the y-direction divided by the water densi.ty,
2 2

in ft. /sec.
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AhD

¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹

DEF th I TIE!N OF VAR t AHLES USED
¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹

MAhNI kG CCEf-f [C I Eh T

[C=COR IOL I S CCF FF f C tf:h T

RA V I TAT t ONAL CChS TANT ~ F T/S

=DI SCHARGE TC TH: SGUhD F

=DI SCHARGE TC TWC SGUhD F
=D I 'SCHARGt TC THE SOUND F

I N [ T t AL GUTFLC'% THR CUGH

INI Tl AL OUTFLCO THROUGH

[Nt T t AL OUTFLCW THROUGH

At5SQLUTF <AGNI TUD: OF VEI 0

TA= THE 3[f<tC T I Oh 3F VELOC I

THE, X-AX I S

CM=

COR
G=G

Ql

02

Q4=

Q5=

Q6=

VL=

hHI  K!= BCUhDARY PCINTS CF TYPE I

NH2   K! =,RCUNDARY PC [hT5 CF TYPE 2

76

C  

C c C C C C C C C C C C C,
C C

C C C
C C C
C

C C C C C

C C C C C C C C C
C C C C C C
C C
C

¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹i¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹

C [ R C U L A T ! C

¹

H U R R I C A h E S U R G E

PAML ICO SCUND ~ h ORTH CARCL lhlA

¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹4¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹

T [ME-DEPEhDENT MATWEMAT tCAL MCOELS FCR PREDICT tON OF

C [RCULAT I CN AND HURRt CANE SURGE
Ih

u=vEI OC[Tv tt THE x-Dff ECTION.FEET PER SECOND

V=VELOC ITY [N THt Y-Of f FCT [ON FEET PER SECOND

o=DEPTH UPTo THE MEAN srA LEvEL  MSL! ~ FEET

H=VAR[ AT ION th DEPTH W ~ R ~ T ~ THE MSLs FEET

THE SU<!SCR [PT ZERO Ol=h CTF S PRF V [OUS T I MF STEP

EC SQUAR ED

ROM NFuSE RI VER ENTRANCE I N CFS

ROM PAML tCO RIVER I N CFS
ROM ftCANOKE AND CROAT AN SOUNDS IN CFS

OREGrh [NLET.

HATTERAS INLETS
rCRACCKF tNLET ~

C I T Y [N FFE T PER SECOND

TY I h Df. GAEES   COUNTE ft CLOCK W 1 SF' FROM

DT=T I ME. [ hITEP VAL F CR CALCULAT IDNS I N SECONDS

TF Ih=F[hlAL TIMt CF FLCW FCR CCMPUTAT [ONS ~ fN MtNUTES
NDUM=A DUMMY VAR I ABLE FOR Cc!UNT I NG THF RCUNDS OF CO4/PUTAT I ONS

S=SIZE DF THE RECTANGULAR GRtO Ih FEET

I 0   N ! AND JR   N ! ARE THE. CCCRD I NATES CF THE PO [ NT5 ON BOUNDARY

JMI N Ahld JMAX AhE M I N I MUM AND MAX I MUM VALUES DF J ~ DN T' HE BOUNDARY

F OR EACH I
IG K ! AND JG K! AR C<!O>OINATFS CF PCINTS MARKFO dY Cf RCLES

ONt. GR I D fhIS I DE THF HCUNUAR [E S
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NH3 K!= gCUNOARY
NH4{K!= 3CUhlOARY
NB5{K!= QCUNOARY
Ni36 <!= l3CUNQARY

hi37{K!= BOUNDARY

NBH K!= BCUNOARY

TYPF 3

TYPE

TYPE 5
TYPE 6
TYPE 7

TYPE 8

PCIhlTS CF

PC INTS CF

PC INTS GF

PC INTS CF

PCthTS CF

PCIhlTS OF

C C C
C

KT=1

T=O

T I hiE=O ~
hDUiel=o

DC 1 1=1 65

DG 1 J=1 ~ 36

D  I e J!=0 ~
U I e J! =0 ~
V teJ!=0 ~

H IeJ!=1 '

vo r ~ J!=os

77

C C
C C
C C
C

I

C

C C C
C C
C C

C C C
C C

C C C C
C

QCP= OUTFLOW THRCUGH CRFGCN INLET AT ANY T fhilE ~ CFS
QHS=OU TFLOW THROUGH HATTERAS INLET AT ANY TIielE ~ CFS
0 CC= CUTFL Q W THROUGH QCRACCKE IhlLET AT ANY T I HIE ~ CFS
KCR'=COEFF ~ QF D I SCHARGE AT OREGGN I NLE T

KHS=COEFF QF O I SCHARGE AT HATTERAS I NLET

KOC=COEFF ~ QF OI SCHARGE AT OCRACGKE INLET
HQR=AVERAGE VALUE CF H AT CREGCN I NLET AT ANY T Il~lE
HHS=A V ERA GE VAt UE CF H A T HATTERAS I NLCT AT ANY T llelE
HOC=A VERA GE VALUE GF H AT CC RACOKE I NLET AT ANY T t lelE

HHSL= VAR I AT ION I N THF WATER LEV EL OF A TLAhlTI C OCEAN W,R ~ T ~ ITS NSL
V WS=VAR I ABLE 'W IhlD SPiEED Ih; A ZONE AT A T INEe lW ILES PER HOUP
VwD=VARIABLE wtNO DIRECTION IN A ZCNE AT A TIMEe DEGREES

COUNTFRCLOCKW I SE FRC!e THE X-AX I S

CO=CGUFF I Ct ENT GF ORAG FCP W INO STRESS eOI h!ENSIGNLESS
WSC=A CGEFF IC I ENT USFQ TC COMPUTE W IND STRESS WHEhl THF WINO SPE'EO

I S G I VEhi I h H ILES PER HOUR

wx=vALUE CF wthD sTREss Ih x-QIPEcTICh
WY= VALUE OF W I ND STRESS thl Y-0 I RECT ICN

hiZ=ihUbl&EREO ZONE OF PAWL ICC SCUhlO FOR VAR I AHLE W IND STRESS ~
KT=T t HIE ELAPSEO FROM THE STAR T OF HURRICANE ~ HOURS
hlKT=F I NAL VALUE CF KT = TCTAL OUR AT I CN QF HURR I CANE ~ HOURS

fcEAL KOR ~ KHS ~ KCC

OIHIENSION VL�5 ' 36!eTHETA�5e36!
CCN!eON U{65.36!.V{65,36!.!-�5 ' 36! ~ UO{65e36!.V0�5,36!.HO{ 65 36! ~

IO�5 ~ 36! ~ td  195! ~ JB  1 95! ~ JU  65! ~ JL{ 65! ~ t G{ 100! ~ JG  100! ~
2 Ge DTDS ~ DT60 e WX e WY ~ WXOT ~ WYOT ~ CMSQ ~ GOT e GTS e COPOT ~ TPR INT ~
3I ~ J hl N Q1 QN ~ Q2 ~ QP 03 ~ QC ~ DS DTSSQ T I ME ~ OT ~ PI ~ WSC 04 ~ Q5 Q6 ~ NZ ~
4VWO� et 7! ~ KTeKKTeNKT ~ NI ~ NJ ~ hid NN ~ SWX{ 65 ~ 36! ~ SWY�5 ~ 36! e Te
5HS�5 36! eKOR ~ KHS ~ KCC ~ HNSL HCR HHS ~ HCC e
6VWS� ~ 17! ~ QORe QHS ~ QOC ~ VWX { 6 ~ I 7! e VWY{ 6 e 17! ~
7NB1 �0! ~ N82 �0! e NH3  40! ~ hB4  40 j ~ NB5{ 40! ~ N96  40! ~ NQ7{ 40! ~ N88�0! e
HhlB9�0! ~ Ni310{40!

DINEhlSIOhl AA�0! ~ AB�0!eAC�0! ~ AG�0!
WwWWW+048%+WWWW+4WWWeWW+WCWWWwW4WWWWWWWWW%

I NI T I AL I ZAT ION GF ALL PAPA le'ETE RS
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VO  I ~ J! =0 ~
HO  I e J! =1 ~

SWX� ~ J!=0 ~

SWY t+J!=0 ~

1 CQhTINUE

I N P U T D A T A
¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹C C C C C

PERHIANEhT DATA

READ� elO!DS ~ CQRIQ+CM

READ�+10! Ql ~ Q2iQ3 ~ Q4 ~ Q5eC6
READ�>ll! CD

WSC=CO¹0 ~ 0026933

READ l LO! KORE KI S ~ KCC ~ HNSL
2 F Qh'MAT  // I 0 X s ~ W t NO STRESS CQEFF I C I ENT ~ CD=' ~ F 10 ~ 7/

10 Xi i DUR AT I QN QF HURR I CANE ~ HRS a NKT= I i I 7/
¹ LOX¹ I CQEFF QF Dt SCHARGE 4T QCRACQKE INLET KQC-i ~ F 1 1 ~ 2/
¹LOX ~ ¹ CQEFF ~ QF D I SCHARGE AT HATTERAS I NLET KHS= ~ ~ F 11 ~ 2/
¹1 OX ~ ' CQEFF ~ QF DI SCWARGE AT OREGON LNLET KQR=i ~ Fl 1 ~ 2/
¹ I OXy I VARI AT ION I h THE wATER LEVEL W ~ R ~ T ~ 1TS ! SL ~ H! SL= ~ F 1 1 ~ 2!

10 FORMAT RF10 ~ 2!

FGRhhAT { F 1 0 ~ 7!

12 FQRHAT{5FLO ~ 2tFLO ~ b!
15 Far~AT�t Lo!

READ  1 ~ 30!   19 N! ~ N=l ~ 192!
READ� i30!   JB h! tN=L s 192!
READ�+30!   JL  I ! ~  =5i61!
READ�+30!  JU  I! ~ 1=5+61!

DEPTH VALUES AT PCINTS MARKED BY CtRCLES CN QDO I CCLUM'4
READ �.120!  D t.J!>J=2.36>2!.1=1,65,2!

C C
C C CASE DATA

READ  1 ~ Lck!   AA  I ! ~ I =1 +20!
PEAL   1 ~ l9!   AB  I ! e f=l e20!
READ  1 o l8!  AC  I ! e t=1 ~ dO!
READ l ~ ld!  AD f !et=lo20!

78

DATA

UATA

READ 

READ 

READ 

READ 

READ 

READ 

READ 

READ 

READ 

READ 

PEAG 

READ 

NN91.

NNH6 s

1 ~ 31!
'Li3L !

I+31 !

1 ~ 31!

L+3L !

1+31 !

1 ~ 31!

Ls31!

l ~ 31!

li3! !

Li3L !
1 ~ 31 !

NN92 ANNOT NN94 ~ hNB5/13 39i20 ~ 3le7/
NNa7.hhoeehh99 ~ NNBLO/8 ~ 9i7i3L ~ 27/

 NBL K!eK=LehhHL!
  NB2  K ! ~ K= 1 ~ h N92!
 N93 K! yK=! ~ hh93!
 NB4 K!eK=L ~ hh84!
 N95 K! ~ K=fghh95!
  h Be   K ! ¹ K= 1 i hh86 !
 NB7 K! ~ K=fihh97!
 NBB«!iK=Lir hate!
 N99{K! ~ K=fehh89!

 NBLO K! oK=L ~ hhd10!
  IG K!+K=1+92!

 JG K!oK=Lo92!
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4A   I !» AU  I ! ~ AC  I ! ~ AD  I ! ARE IOFNT IF ICATION TITLES

READ LE 10! DT»TFtk»DATUM

ATUM I 5 THE DIFFEREhCE IN ELEVAT ION BETWEEN THF. CONTOUR OF
ZERO DEPTH ANO THE MEAN SEA LEVEL ~ I T IS USFD ONI Y FOR
PLOT T ING PURPOSES ~

READ  1» 15! 4KT
DG 17 NZ=I ~ 6

READ  I » 20 !   VWS�Z»KKT! ~ KKT=1»NKT !
I 7 REAP  1 ~ 21!   VWD�Z ~ KKT!»KKT 1»kKT!
18 FORMAT�0A4!

C

C

20 FCQH'AT   �F4 ~ 1 !

21 FORMAT�7F4 ~ 0!

30 F GRMAT �0 I 2!

31 FORMAT�5I 3!

32 FORMAT  1X 12 I 5!

WRITE �» 35!

35 FORMAT  //I 8X»»- I hPUT DATA � !

wRITE�,18!  AA  I! ~ I=1 »20!

WRITE�»18!  AB  f!»f=l ~ 2C!

wRITE� ~ 18!  AC  I! ~ !=i »20!

WRITE� ~ 18l  AD  I! ~ I=i »20}

40 FORMAT�  // IOX ~ 'F I h AL T I ME IN MINUTES TF I N- ~ F 10 ~ 2/

1 LGX ~ » Tf ME INCREMENT IN SECOhDS DT=» ~ F10+2/

2 LOKI� 'SQUARE GRID IN FEET DS=»»FLO ~ 2/

5 LOX ~ »CQR IQLI 5 COEFF! CIENT CORI Q � » ~ F 10» 2/

6 LOX ~ » MAhNING COEFF I C IENT CM= ~ ~ FLO ~ 2/

7 LGX» i NEUSE RIVER DISCHARGE Q 1=» ~ F 10 ~ 2/

8 LGX» ~ VAML ICQ RI VER DISCHARGE a2= ~ .F10.2/

9 LOX ~ ROANOKE AND CHCATAk OI SCHARGE 03= ~ F I 0 ~ 2/

LOX. ~ CUTFLCW FROM CREGCh INLET Q4=' »F10 ~ 2/

LOX ~ OUTFLCW FRCM HATTERAS INLET 05 ~ FLO ~ 2/

10X ~ GUTFLCw FROM OCR ACCKE IhlLET Q6=' ~ F10 ~ 2 l

WR I TE� ~ 40! TF IN»DT»DS ~ CCRf O»CM» Ql ~ 02» Q3» 04»Q5 ~ Q6

WR I TE  3» 2 !CD» NKT ~ KOC »KHS ~ KOR»HMSL

WRITE�»41!

4 1 FORMAT   /5X ~ » V AR I ABLE W Ik G SPEED AT D IF FERE NT VALUES OF NZ ~ CKT» /!
WRITE� ~ 42!   KKT»KKT=L ~ 17!

47 FORMAT /7X ~ 1 7  3X»   ~ I2 ~ ! !/!
DO 43 NZ=L. e

43 «RI TE� ~ 46! hZ»   VWS  NZ ~ KKT!»KKT=l ~ hKT!

WRI TE  3 ~ 44!

44 FORMAT /5X»»VARIABLE «INO CIRFC ~ AT C fFFEREhlT VALUES OF NZ ~ CKT /!

WRITE�»42!  KKT ~ KKT=I ~ I 7!

Do 45 Nz= 1 ~ e

45 «RI IE�»46! NZ»  VWD NZ ~ KKT! ~ KKT=l »NKT!

46 FORMAT  3X»»   ~ I2» ! ~ 17�X ~ F5 ~ 1 ! !

47 FORMAT //30X» ~ LOWER AND UPPFR BCUND OF J FOR EACH I ~ !

«RITE�»47!

48 FORMAT //13X I 5X ~ JL  I ! 6X ~ JU  I ! ~ 7X ~ I ~ 6X ~ JL  I !
1» bX» JU  I !»bX» I ~ 5X ~ JL ! ! ~ 5X ~ JU  I ! /]

WRI TL  3»48!
OO 49 !=5 ~ 23

79
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11 =19+ I
12=38+1

«R Tt=�i 70! I e JL�! e JU  I ! ~ Il

70 FORMAT�x. v�x, ie! !

78 I=CRMA T  //BOX ~ ~ COCRD I NATES CF

eG F Qr MA T   /// 1 0 x ~ hl ~ 5 x ~   I f3 {

1I ~ 10x ~ I-N- ~ ~5xe~   IU N! ~ Je k}

WRITE�eeL !

f}L FORMAT  //35X ~ ~ CCCRD  NATES CF

I ID INS I Dt THE. BOUNDARY I !

«RITE� ~ d2!
82 FGRMAT  ///1 ox ~ ~ -K- ~ Sx ~

~ 1 OX ~ K y5X ~ '   IG K ! ~ JG K!

DQ 83 K=1 e23

Ii=23+K

�=46+K

I3=b9+K
83 WRITE� ~ LOO! Ko!G K!oJG K!ei

113sIG I3! ~ JG�3!

~ JL  I 1 l I JU  I 1! ~ � e JL  I 2! s JU  I 2!

THE PCI NTS QN THE BOUNDARY 'f 'l
k! t JH N! ! +LOX ~ N ~ 5Xe   LB N! ~ JH N! l
! e LOX ~ N ~ SX ~   IB N! ~ J�  N! ! /!

PCIkTS MARKED f!Y CIRCLES ONE POINT GR

K! i JG K! !I ~ LOXe+ K ~ ~ 5xsi  IG K'l ~ JG K! !
! ~ ~ I 0xe ~-K- ~ ~ ~   IG K! ~ JG K! ! ~/!

I e IG  I 1! i JG  I I ! ~ l2 ~ IG I 2! ~ JG I2! ~

WR! TE   3 ~ 7f}!

WRITE� s80!

DC 90 k=1 ~ 48

h 1 =48+ N

h2= 96+k

h 3=144+N

«R I TE   3 ~ 1 00!

I B N2! ~ JH N2!

FCRMAT � RX ~ I
F GRMAT  //20X ~ I

FQRMAT {//20X ~ I
f-CRMAT //20X ~ I

FORMAT //20X ~ ~

FORMAT  //20X ~ '

F O+MAT  //20 X r ~

GRMAT //20X ~ ~

FuRMAT //20X ~ ~
I-ORMAT{//20X ~ ~

FORMAT //20x ~ ~

FORMAT  10 IX+I

FORMAT LB{F4.0

If  hl ! ~ JB kl ! ~ N2 ~JH N! yNL o

 k3! JB N3!

~ 15m I I I I 15m

PC INTS OF

PCINTS CF

PC I NTS CF

P C I h. T S i' F

PC IhTS CF

PC I NTS OF

PC Ih TS CF

I OINTS CF

P C IkTS CF

PC INTS GF
~ ' ~ ' ~ I2 ~ ' ! '

'/!

~/!

~ / !

~ / !

~ / !

~ / !

~ /l
4/!

l '/ }

 K! I/l

    N f3 1   K ! ~ I r9   h 0 1   K ! ! ~ J b   h. H 1   K l ! l ~ K = 1 e NNB 1 }

   NH2 K! ~ If3 NB2 K! ! ~ JH kB2 K! l! ~ K=1 ~ NNB2!

   NH3 K! ~ IB kf33 K! ! ~ JB NB3 K! l l ~ K=L ~ NNB3!

    hl H 4   K } ~ I f3   k f34   K l ! ~ J H   k B 4   K ! ! l K = 1 ~ NN B 4 l

  he5 K! ~ Ie kuS K}! ~ Ja ke5 K!!! K= 1 ~ NNB5!

  NB6 K! ~ Il'. kec K!} ~ JB h!36{K!!! K=1 ~ NNR6!

  ke7{K!eIB hB7 K}!oJB NH7 K!!l ~ K=l ~ khl87!

80

90

1

100

LGL

L02

103

104

105

106

107

108

10<

110

1 L2

120

WRITE�el01!

wRITE� ' 112!

«RITE�w 102!

«RITt �iLL2!

«PI TE  3 ~ 103!

wR ITE�~1 12!

WR I TE   3 ~ I 04!

WRITE� ~ 112!

WRITE � 105!

wR ITt-. �il 12 l

WR I Tf= �. I 06 }
wR I Tt.   3+ 1 I 2 !

WRITE�.107!

wRITE� ~ 112!

~ II3 k } ~

~ k3e IH
5 ~XI'   ~

BOUNDARY

RCUhlDARY

f3OVNCARY

t3GUNDARY

f!OVNDAMY

BOUNDARY

BOUNDARY
BGUNDARY

BOUNDARY

BOUNDARY
3s' 'sI2

! l

~ ! ~

TYPE
TYPE

TYPE
T Yf'E

TYPE

TYPE

TYPE

TYPE

TYPF

TYPE

!!

!
I ~ E ~ NBL{ K!

2 I ~ E ~ NB2 K!

I ~ EoNB3 K!

4 I ~ E ~ NB4  K!

5 I ~ E ~ NIB5  K!

o I ~ E ~ Nf36  K !

7 I ~ E ~ NH7  K l

8 IgE ~ Nt38 K!

9 I ~ E ~ ~ NB9  K

10 I ~ E ~ INHLO



16/47/370 L V'L DA TE = 7624621 MA IN

C C C

C C
C C

C C C C
NE USE R I VER JUNCT I GN I« I TH SCUNO

/� ~ 0+OS!ON=01

N= 192

I=IB 

J= JD 

U  t «J

V  I ~ J

U   I+I

U  i+2

u  I+3

N!

4!
!=ON/ O  I ~ J !+H  [ ~ J! l

!=0 ~

.J!=U I.J!
~ J!=U  I «J l

«J!=U  I ~ Jl

81

130

132

134

140

150

155

160

165

170

180

IB5

190

wRI TC� ~ I od!

efit TE� 112!    NPB K! ~ [8 NBB K! ! ~ JB�98 Kl ! l ~ K=1 ~ NNBB!
eR[ TE � ~ 109!

V RITE�«112!    N89 K! ~ [8 N89 K} ! ~ JB N99 K} ! ! .K=1 «NN99!
I«Rt TE   3« 1 10!

gRITE� ~ I 12!    N810 K! ~ [B N910 K! ! «JB NBIO K! ! ! ~ K=t ~ NN910!
LGCAL DEPTHS AT ALL GR[D POINTS

OiEP TH VALUES AT PQ1 NTS M ARKEO BY C IRCLES GN EVEN [ COLUMNS

OQ 130 I =2 ~ 64 «2

OC 130 J=3 «35 ~ 2
O I e J!= D  I 1«J+1!+D  I 1 «J 1!+O  I+1 ~ J 1!+O  I+1«J+1! !/4«
DEPTH VALUES AT ALL PC [NTS  [ ~ 1 ! « I=1 «65

OC 132 I=1 «6: ~ 2

D t ~ ll = O  I ~ 2!
OO 134  =2 ' 64 ' 2

D t«1! = O  t«3!
DEPTH VALUiES AT PCINTS MARKED BY SOUARES QN EVEN I COLUMNS

OQ 140 t=2«64 ' 2

OG 140 J=2 ~ 34«2

O t ~ J!= O t ~ J-1!+O t ~ J+1!+O t � l«J!+D t+1«J!}/4 ~
DEPTH VALUES AT PQINTS MARKED BY SOUARiES GN QDO I COLUMNS
OQ 150 [=3 ' 63 ' 2

DO 150 J=3 ~ 35«2

O  I «J!= O  I ~ J-1!+D  I «J+1 !+0  I � I ~ J! tD  I+1 ~ J }!/4 ~

WRI TE � ~ 155!
FQfiMAT  «1 « ~ /10X ~ «LCCAL DEPTH AT MEAN SEA LEVEL ~ D AT ALL PO['NTS !

I«RITE. � ~ 160!   J ~ J=5r 19!

FORMAT  /7X ~ 1 5  3X ~   ~ [2 « l !/ l

FOR MA T  //7x, 16  3 x « ~   ~ « I 2 ~ ~ ! ~ ! /!

OQ 170 [=5«61

wRtTE� ' 160!t ~  O t ~ J! ~ J=5 ~ !9!

FQRiMAT   3X «  ~ I 2 ~ ! ~ 15  1 X ~ F6 ~ 2! !

FORMAT �x« ~   «.[2««!'«16 lx,F6«2!!

ARt TE   3«165!   J ~ J=-20 ~ 35!

OQ 190 I =5 ~ 61

WRITE�  3 « I B5! t ~ �  I «J ! ~ J=20 ~ 35 l

 N  T[ 4L BOUNDARY CcND IT[ QNs

VALUES QF U«V «CH A T T [4IE=O ~ 0 M I hUTE S
eeeeee+44ege4484444+e444444+4844444444444444444



1 6/47/ 3TDA TE = 75246HA lhLE VEL 21

GG 192 N= 1 + 4

1= IB  h!

J= JB  k!
U� ~ J! =ON/ D� s J !+H� ~ J! !
V� ~ J!=0 ~
U�+1 e J! =U  1 ~ J l
Ut 1+2 ~ J!=U  1 ~ J!

192 U�+3 ~ J!=Ut 1 ~ Jl

C C C PARI 1CG R 1 VER JUNC T 1Gh w I TH SOUND

OP= Q2/�iCDS!

DG 193 tH=20 o 24

I= 1B  h!

J= JH  h!

U  1 ~ J!=0 ~
V  1i J l=QP/  D  1 ~ J!+k  1 ~ J! !
V 1 I ~ J- 1 1=V  1 ~ J l

V� ~ J-2!=V  1 ~ J!

193 V� ~ J-3!=V  1 ~ J l

CRGATAh AhD RGANCKE SCUHDS

CC=-O3

DG 194 N=88 o91

1=IB  h!

J= JB  N!
U�+ J!=QC/� ~ WDS4{D� ~ Jl+I � ~ J! ! !
Vt 1 ~ J!=0 ~
U  1 � 1 ~ J-1 ! =U  1 ~ J!

194 Vt 1-1 ~ J-1 !=V{ 1 ~ J!

C C C QREGOH 1NLET BET wEEN PANL CG SGUND AND ATLANT1C GCEAN ~

DC 19'a h!= 104 y 106

1=to{el
J= JB  kl
U  1 ~ J ! =Q4/{ 2 ~ 04DS4  D   1 ~ J ! l !

195 V� ~ J! =0 ~

C C C
DD 196 N= 150+ 152

r=rath!

J= JB{ h!

u� ~ J!=0
l96 V  1.J!=-Q5/{2 ' OWCS4 D  1 ' J!!!

CCHACC.KE 1NLET HETWE=h PAPLKCG SGUkD AhG ATLANTIC OCEAN

Da 197 N=164 ~ iCC

1=1B h!

J= JB h l

U  1 s J!=0 ~
197 V   1 e J! =-06/ t 2 ~ 0WCSW D  1 ~ J l ! !

82

kATTERAS INLET BET WEEh PAWL CC SCUND AND ATLANT1C ACEAN



16/47/37C.'ATE = 76246G t t-.V~L c'I MA IN

C C

C C C
AT TIME=O ~ 0 MINUTESWRIT ING THE VALUE CF U ~ VKI-'

w4w4w4'4w+44wkwAEMCvE THE FOLLcwthG CARD IF YOU wANT PRINTOUT
QF vALUES AT ALL PCINTS www44484wkwkwww+w44444444wW444444444w

GO TO 202

200 CALL UVCLC2

202 IAR ITE�m 3 10 I TIME ~ DT

wRITE� ~ 203!
203 FORMAT   I OX o i VAR I AT ION Ik DEPTH AH+ AT SELECTED POINTS /!

wR I TE� ~ �0!   J ~ J=Se 35 ~ 5!

DO 204 I =5 ~ 61 ~ 5

204 WRITE�e!HO! I ~  H I w J! ~ J=5t35s5!

C C C C
C

THC FOLLOwING INFORMATIOk tN THtS SECTION tS TO eE USED LATEA tN
PLCTTING PROGRAM

laRLTE  LO ~ 
! TFIh oDTeQL C2 ~ Q3+wSC
wRITE  � ~ 30!   IB N! +N=l ~ 192!

lsR I TE   10 ~ 30 l   J6  N l ~ k=! ~ ! 92!

I M I N=5

IMAX=61
wRITB�0 30! IMtk ~ IMAX ~   JL t I ~ JU  I ! I=ININ ~ tMAXl

44++eeeet Wet+eeeeweeekekkewkkweee 44 44W44 4w eee444WW4WA

COMPUTATION OF SOME CONSTANTS TO BE USED LATER
e+44w+844 444wweW44444WW44444 WW44444444C C C

OT6O=OT/60.

D TDS=D T/  2 ~ 4'9 S

DTSSQ=DT/ DS40

COROT=COR IO+OT
G'=32 ~ 2

GDT=GwDT

GTS=G+DTOS
CMSQ=CMACM

P 1=3 ~ 1416

wAITE � ~ 2051
205 FOAMAT  //4OX ~

wRITE�e206!  

206 FORMAT ' uT60=

I CQRDT='eFLO ~ 5

4 ~ CMSQ=' ~ F � ~ 5 ~

,2OS! TS RrhT

 F10 ~ 1 !

4ww44wwWwke+wwwe44wwWw4444444eW44444W+w4wWWAW44wwww44444+ww44444Www

COMPUTATIONS FOR U ~ V AND H AT ALL GRID POINTS'
4444+4W44044484884044444+kirW+4444++444ew4444W+wwkwwwwWW4wWwwwwwWW

83

DO 207

DO 207

VWX NZ

207 vwY NZ

KT=L

208 READ  I

209 FOA MAT

C

C

C
C

C

GAPA IhT CUT CF THE DIFFEAEkT COMPUTED CONSTANTSt l
OT 60 ~ DTDS ~ OTSS 0 ~ CORDT G GDT GT S ~ C MSQ ~ P I !
~ ~ F 10 ~ 5 1X ~DTDS= ~ ~ F10 ~ 5 ~ IX DTSSQ=~ ~ FLO ~ 8 ~ I X ~
~ 1 xi G= ~ FS ~ 2 ~ I X ~ GDT= ~ F15 ~ 5 ~ I X ~ ~GTS eFLOo5 ~ LX ~
/ ' P t=' ~ F10 ~ 4!

NZ=L i6
KT=L ~ kKT
KT!=VwS NZ ~ KT�VwS kZ ~ KT�CCS V!aD NZ ~ KT!wPI/L80 ~ 0!

~ KT l =v'les  NZ ~ KT l wvws  Nz ~ KT! 4 S I N   v wo NZ ~ KT ! wP I / 1 80 ~ 0!



Ie/47/37DATE = 76246v lt Vol wA Iw

C C C

214

215

220

225

230

227

CALL w lho

DQ 215 I=6y60o 2

Jl=JL  I !+1
J2= JU  I !-1

DO 21S J= Jl ~ J2 i2
wx=wSCwSWX  I e J!

wv=wsC+SwV f<J!
wxOT=WX~DT

WYOT=wVwDT

CALL CCMPU
DQ 220 1=7 ~ 59o2

J I= JL  I !+2
J2= JU  I !-2

DQ 220 J= Jl s J2 ~ 2
wx= wsC 4swx  'I ~ J!

wv=lhSCASWY  I e J!

wXDT=wxeDT

w YDT= wvwD T

CALL CQMPU

OQ 226 f=7 ~ S9 ~ 2

J= JL  I !+1
wx=wSC+Swx  I>J!

WV=WSCWSWY  t.J!

WXDT=wxel>T

w YOT=w Y4DT

CALL CDMPU

OQ 230 t=7i59e2

J=JU  I ! � 1

wx=wSCwSwX  I ~ J!

wv=wSC+Swv  I e J!
WXUT= wxwDT

w YOT=WY40 T

CALI CCMPU

COMPUTATION DF U
I NSI l>E THE

THESE PC I NT

OG 2 27 K= I ~ 92

I =IG K!

J= JG  K!
ax= wSCeSwX  I, J !

wv=aSC4Sw Y  I > J!

WXDT=wx*OT

wVOT=WY+DT

CALL CQMPU

~ V AND H AT PGfh,TS MARKED HV CIRCLES QNE GRID
UDUN-!ARY ~ HVDRQOvhAM IC EQUATIONS ARE USED AT
S

C

C C

84

2IO IF  T iME.GE ~  ep, eKT! ! KT=KT+1
THE ABOVE STEP I HPL I ES THAT AT T I ME=0 ~ 0 MINUTES KT'=1 HOUR ANO t T
wlLL HAve. THE SAME vALUE UNT ILL T tME=S9 ~ 0 MINUTES s St MILARLY
WHEN T t ME=60 ~ 0 Mf NUTES ~ KT=2 HGURS ~

T I ME=T I ME+OT60

NOUM=NOUM+I

212 T=TIME-6o.e KT-I!

C
C COMPUTATION FQR U+V AND H AT I NTERtCR GRID POINTS MARKED BY SOUARES ~
C HYDRODYNAMIC EQUATIONS ARE USED FQR ALL THESE POINTS
C



OATt = 7t.24e 16/47/ } rWA Ihy t> L - V! L

~ J2 ~ 2
~ J-1 !+0{ I ~ J+I!+U  I-l ~ J !+U  I+1 ~ J ! ! /4 ~

i J I !+V  I ~ J+I !+V  I 1 ~ J !+V  I+1 ~ J ! !/4 ~
~ J-I!+H  I ~ J+1 !+H  I-1 ~ J!+H�+I v J! ! /4 ~

240

250

58 ~ 2

eJ2 ~ 2
~ J-1!+U I ~ J+I!+U I-1 ~ J!+U I+I ~ J!}/4 ~

+ J-1!+V{ I ~ J+I !+V  I-1 ~ J!+V  I+I ~ J! !/4 ~

o J-I!+H  I ~ J+1 !+H'  I 1 ~ J!+H  I+I ~ J! !/4 ~

C C C AT GRID POINTS ON THE BCUNDRY ~COMPUTATIONS I-'CR U ~ V ANO H

CALl HCBDRY

C

C

C
C CCKVERTI NG THE CURRENT VALUES INTO THE PREY ICUS TIHIE STEP VALUES

I HE NE XT TI!y! E. ST EP ~

DO 260 I =5 ~ 61

DC 260 J=S ~ 35

40 ieJ!=U I ~ J!

VO  I e J! =V  I t J!

HO=H{ I e J! +D  I e J!

IF  HOa GE ~ 1 ~ 0] GC TC 259

ItJ!=I ~ 0 O I ~ J!

HO  I ~ J! =H  I ~ J}

CONT I NUE

IF { T I "4E ~ EO ~ TPR IN T ! GC TC 270

GO TO 210

C
«««««««««««««««««««e««««««e«««««««««e«««««te«««««««««««ee««eeee«««««

C CALCULATI CIN OF ABSOLUTE !ylAGNI TUDE CF VELOCITY ANO ITS D IRECT I'3N
C ««««««««««««««««««««««««««««««««««««««e«««««««««««««««««««««««««W«««

C
C

C

270
0 I=5i60 ~ II

0 J=5 ~ 35r I I

I ~ J!

I ~ J!
J!=SCRT UI«414.VI«VI!

eGT ~ 0 ~ 0 ~ ANO ~ Vi ~ EQ ~ 0+! THETA I' J!=0 '
~ EOiQ ~ 0 ~ AhD ~ Vl ~ GT ~ 0 ~ ! THET'A{ I e J! =%Os

85

C fCR

 

258

259

260

L CVPU TAT [ UN

CIRCLE

USQUE A

OO 240 1=7 ~

J I= JL{ I !+3

J2=JU  I !-3

OO 240 J= Ji

U  I ~ J}= U  I

V  I ~ J! = V  f

k  I o J! = H  I

CQNT I NUE

DQ 250 I=8 '

Jl =JL  I !+2

J2= JU  I !-2

OO 250 J=Jl

u r ~ J!= U t
V i' J!= V I

H  I e J!= H  I

CONTINUE

???

USE

II=5

DQ 30

DO 30

ui =u 

V 1=v 

VL  I >

IF  UI

IF  uI

UF U ~ V AKD H AT ALL CTHE R INTERIOR PCINTS 'CLARKE ! BY

S ~ AVFRAGING THE VALUES AT NEIGHBORING POINTS I 5

T THESE PCI }yT5

59m 2



16/47/37OA TE = 76246MA IhlIV G LEVEL

! THETA  I ~ J ! =190»

! THETA  Is J!=270 ~
! THETA  I ~ J!=360 ~
! THETA  I ~ J ! = i 80 ~ tA TAN  V 1/Ul ! /P I
! THETA  I s J! =360»+!80 ~ tATAN VI /UI !/PI
! THETA  I s J! 180 ~ +!80«tATAN VI/Ul !/PI

~ 0 ~
~ 0 ~

AND ~ V 1
AhlO ~ V 1
ANO ~ V 1

ANO ~ V 1
AhlD ~ V 1

AND ~ Vl

~ EO ~ 0 ~

»LT ~ 0 ~
~ EO ~ 0 ~

~ GT ~ Oo
~ LT ~ 0 ~
~ NE ~ 0 ~

Il= U1 ~ LT ~ 0

I F  Ul ~ EQ ~ 0
IF  Ul ~ EQ ~ 0

IF U! ~ GT ~ 0

IF  Ul ~ GT ~ 0

300 IF U!»LT» 0

C
C ttt ttttt tttt

C

C

~ 0 ~

~ 0 ~

~ 0 ~
~ 0 ~

ttttttttttttttttttttttttttttttttttttttttttttttttttttt

PiR INT CUT QF THE RESULTS
ttttttttttttttttttttttttttttttttttttttttttttttttttttt

C
C

C C

86

w R I TE   3 ~ .310 ! T IME ~ OT

W R I TE   3 ~ .303 !
303 FCRMAT /SX» ' WR IT IhlG THE VALUES CF H  I ~ J! ~ 0  I t J! ~ AND THE I R SUM ~ HO

11 AT ALL POINTS WHERE IT 'WENT BELOW 1 ~ 0 FEET /!
DQ 305 I =5 ~ 61

OQ 305 J=7» 31

HD!=H  I t J!+0  I »J!

IF  HDl ~ GE 1 0! GG TG 305

WRITE �» 304! !» JtH  I ~ J! ~ D I ~ J! ~ HD!

HD!=F 0
H  I s J! 1 ~ 0 D  l«J!

304 FORMAT  ~ AT POINT  ' I2 ~ ~ ~ ~ I2 ! H I J!= ~ F6 ~ 2»5X ~ O  I ~ J!=' ~
!F6 ~ 2 ~ 5X ~ «HQl=s»F6 ~ 2!

305 COh T INUE
3 1 0 F QRMA T   1 ~ / t T I ME= ~ F 8 ~ 2» 2X ~ «Hl NUT E5 ~ THE T I ME I hlCRE MENT USED

I S ~ UT= ~ FU ~ 2 ~ 2X ~ SECONDS !

WRITE� »311 !
31 1 FORMAT  ///1 X ~ GUTFLCW DATA AT QREGQN ~ HATTCRAS» AhlD GCRACOKE I NLETS

1 RESPECT! VELY«/!
WRITE� ' 312! OCR ~ KCR ~ HCR»OHS ~ KHS,HHS ~ OQC ~ KGC ~ HOC

312 F GRMAT   1 X ~ OQR= ~ F 10 ~ 2 ~ !X« KQR= tF� ~ 2 ~ 1 X ~ HGR= ~ F5» 1 ~ 1 Xt
OHS= ~ F10»2 ~ 1 X» KHS= »F10 ~ 2 ~ I X ~ HHS= tF5 ~ I» ! Xt

2 ' OQC= ' ~ F 1 0 ~ 2 ~ 1 X ~ ' KGC= F 1 0 ~ 2 ~ 1 X ~ ' HOC= ' ~ F 5 ~ I / !
ttttttt tttt tttREMOVE ThE FOLLOWING CARD IF YQU WAhlT PRINTOUT

QF VALUES AT ALL PC INTS ttttttttttttttttttttttttttttttttttttt

GO TO 313

314 CALL UVC1 C2

3'13 'wRITE� ~ 310! T l<E ~ OT

WRITE   3 ~ 315! NOUM
315 F ORMAT  /' NUMt9CR CF T I ME STEPS CQMPLE T LD= ' ~ I5/ !

WRITE   3 ~ 320!
320 F GRMAT  //45X ~ CCl«PUTED VALUES QF VL ~ Tl ETACH AT SFLECTEO GR ID

1PCINT 5 ~ /!

WRITE   3» 330!
330 FORMAT //RX ~ »GRID POINT 7X ~ VL« ~ 7X» THETA ~ 8Xt H ~ 17X ~

1 ' GRID PG I NT ~ 7X VL ~ 7X THETA ~ ~ 8X ' H' ~ 2X/!

DG 340 I =5» 30» 5

I A= 1+30

DQ 340 J=5« 35»5
340 WR ITF � ~ .550! I ~ Jt VL  I ~ J!»THETA  I s J! «H  I ~ J ! ~ IA ~ J ~ VL  IA ~ J! ~

1 THETA  I A s J! ~ H  IA ~ J !
3 0 FQ'RMAT 9X»'  ' ~ l3» t ~ I3 ~ ! ' ~ 6X ~ F4 ~ lt2�X»FS ~ 1! ~ 16Xt

1   «13t ~ ~ 13 ~ ! «6X ~ F4» l»2�X ~ FS ~ 1! !
t tt t tt t tt tt t t t REMCVE THE f GLLQW I hG CARO IF YOU WAhlT PR I NTOUT

OiF VALUES AT ALL POINTS tttttttfttttttttttttttttttttttttttttt



tr V. L MAIN DATE = 76246 1 6/47/ 37

GQ TQ 492

351 wRITF �o 310! TIME ~ DT
wRITE  F 410!

410 FORMAT r/45xi ~ CCMPUTED vALueS QF vL,THETA AND H AT EAcH GR ID POINT
1'/l

1 x !//!

~ J! ~ J=6 ~ 10!!

1!!

~ J!eJ=II ~ 15!!

~ J!iJ=I6 ~ 20!!

~ J!i J=2l @25! !

~ J! ~ J=26+30!!

J! ~ J=31 ~ 3S! !

VELOCITY VFCTQRS IN THEC C

DQ 494 I=5 ~ 30+5
IA=I+30

DO 494 J=5 ~ 35@5

494 WRITE �0o496! I ~ JIU  I e J! ~ v  I e J! ~ vL  I ~ J!

1V  I Ay J} +VL  Iao J! ~ THETA  IA ~ J!
+THETA t ~ J! ~ tA ~ JtU ta ~ J! ~

496

CONTOUR S FQR DEPTH e

WS I ~ J!=100 ~ 4 H t ~ J!+DATUM!

WRITE �!  HS  I i J! ~ J=JSTfiT ~ JSTGP!

500

510

87

420

430

440

450

460

470

480

490

491

492

493

wRITE �o420!   J+ J=6 ~ 10!
FORMAT /4X ~ 5 9X ~   ~ I2 ~ ! ~ ~ 6X!/!
wR ITE � ~ 430!

FORMAT  /5X 5�X I VLI eIXg ~ THETA o3X H ~ ~
DQ 440 I=5 ~ 61

� ~ 450!   I ~   VL  t ~ J! ~ THETA  I ~ J! ~ H  I
F PRMAT   e ~ + ~   ~ > I 2 ~ ~ 1 ~ ~ 5  4xeF4e 1 ~ 1 X ~ 2F5 ~
wRtTE �.420!  J ~ J=ll 15]
WRITE �+430!

DQ 460 1=5 ~ 61

wRITE � ' 450!  I ~  VL tyJleTHETA t+J! AH t
WR I TE   3 ~ 420!   J ~ J 1 6 ~ 20 !

WR ITE � ~ 430!

DQ 470 I=5 ~ 61

wR ITE � ~ 450!   I   vL I ~ J! THETA  I ~ J! H  I

ITE � 420!   J,J=21 25!
wRI TE � ~ 430!

DO 480 1=5 61

wRtTE �.450!  t, VL I,J!,THETA t ~ J!,H t

wRITE �~420!   Je J=26e30!

wR I TE   3o 430!

DQ 490 I=5 ~ 61

WR ITE. � ~ 450!   I   VL  I ~ J! THETA  I ~ J! H I

wR! TE   3> 420!   J ~ J=31,35!

wRI TF � ~ 430!

DQ 491 r=5.61

WRI TE �y 450!   I +  VL  I + J! ~ THETA  I ~ J! eH  I»
THE FQLLQW 1 NG I NFcR MAT ICh IS FOR DRAwt kG

PLOTTING PROGRAM

WRITE   10' 493! T I ME

FORMAT  F9 ~ 3 !

FORMAT��� 3F7 ~ 2 ~ F8 ~ 2! l

THE FQLLowING I NFORMAT I Qk I s TO DRAw THE
NPC;I NT=G

wRITE�! hPCthT

G I NT=1 ~

wRI TE �! Gl NT

 Mt N=S

I Max=61

DO 510 I= MIN~  MAX

JSTRT=JL  I !

JSTQP= JU  I !

wRITE�!  .JSTRT.JSTQP

DQ 500 J=JSTRT ~ JSTCP
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HS  I ~ J l =1 00 +H  t o J! IS USED BECAUSE THE CONTOUR I NTERVAL HAS TO BE
SPECIFtED AS AN INTEGERS HQWEvER DURING THE ANNOTATION QF CONTOUR
Se THE VALUES OF HS ARE GIVIDED By 100 ' TQ SHOW THE CORRECT VALUE
GF DEPTHeH

NPO I NT=10000

wRITE�! @POINT ~ hPCINT GUNPOINT

I F   T I HE ~ LT ~ TF IN! GC TC 208

wR I TE   3e 550!
550 FORMAT  //10X ~ ~ THE PRGGRAM HAS BEEN SAT tSFACTQRILY COMPLETED
551 STOP

END

88
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SUBRQUT IN& w hD
4WAOW484404WWW84W+4e

COMMON U�5 36! ~ V�5 36! AH�5 ~ 36! UO�5 ' 36! ~ V0�5«36! HO�5 ' 36!
1D�5 ~ 36! ~ I B  195! ~ JB�95! «JU�5! ~ JL�5! «IG�00! «JG  100! ~
2 G ~ DT DS ~ DT60 ~ wx « tvY «wxDT «w YD T «CMs 0 ~ GDT ~ GTS «CGRDT ~ TPR I HT ~
3I ~ J ~ M ~ H ~ QI ~ ON Q2 ~ QP Q3 ~ QC ~ DS ~ DTSSQ TIME ~ DT ~ PI VSC Q4 05 ' 06 HZ '
4VWD F 17! KT ~ KKT ~ NKT ~ Nl ~ HJ ~ NM ~ HN ~ SWX�5 ' 36! SWY  65 36! AT ~
5HS�5 ' 36! ~ KGR ~ KHS«KQC ~ HMSL ~ HOR«HHS ~ HQC«
6VWS� 17! ~ QQR QHS ~ QGC ~ VWX F 17! ~ VWY F 17! ~
7NB1   40! ~ NU2   40 ! ~ NB3  40 ! NB4   40! N85  40 l ~ NB6�0! ~ HB7  40! ~ HH8�0!
8NB9�0! ~ NBIO�0!

C C C
C C

IF  KT ~ GE ~ NKT ! GG TG 2
230 DQ 240 I= I ~ 22

DQ 240 J=I «20

NZ= I

SWY� ~ J!=VWY tvZ ~ KT!+ 

240 SWX I ~ J!=VWX NZ«KT!+ 

DQ 241 I=23 ~ 47

DG 241 J= I ~ 20

HZ=2

SWY  I «J l'=VWY NZ ~ KT !+ 

241 SWX  I ~ J!=VWX NZ ~ KT!+ 
DO 242  =48 ~ 60

DQ 242 J= 1 ~ 20

H Z=3

SWY  I ~ J }=VWY HZ«KT! + 

242 SWX I «J!=VWX hZ ~ KT !+ 

DG 243 I=l «22

DC 243 J=21 ~ 35
N Z=4

SWY  I «J!=VwY NZ ~ KT!+ 

243 SWX� ~ J!=VWX NZ ~ KT!+ 

DO 244 I =23 ~ 4 7

DG 244 J=21 «35

N Z=S

SWY I »J!=VWY hZ ~ KT!+ 

244 SWX l «J!=VWX hZ«KT!+ 

DG 245 I =48 ~ 6O

GQ 245 J= 21 «35

HZ=6

SWY  I «J !=VwY NZ ~ KT!+ 
245 SWX  I ~ J }=VWX NZ ~ KT!+ 

GG TU 270

250 KT=NKT

DQ 256 I=I«22

DG 256 J= 1 ~ 20
hZ= 1

Sw Y{ I ~ J!=Vw Y hZ ~ KT !

25e SWX< I,J!=VWX hz«KT!

DG 257 1=23 ~ 47

50

VWY NZ«KT+1 ! V'WY hZ ~ KT! ! 4T/60 ~

VWX  NZ ~ KT+1 ! -VWX  hIZ ~ KT ! ! WT/60»

VWY  NZ«KT+ 1 ! VWY  NZ ~ KT! ! 4T/60 ~

VWX NZ ~ KT+1 !-VWX NZ«KT! ! +T/60 ~

vwY  N Z ~ KT+I !-vwY  hZ ~ KT ! l wT/60 ~

VW X   h Z» KT+ 1 ! -VWX  NZ ~ KT ! ! WT/60 ~

VWV hZ.KT+I}-VwV h,Z,KT!�T/60.

VWX HZ ~ KT+1! � VWX NZ«KT!!WT/60 '

VWY  NZ«KT+ 1 ! VWY   NZ «KT! ! 4T/60»

VWX HZ«KT+1 ! VwX NZ ~ KT! ! WT/60 ~

VWY h Z ~ KT+ 1 !-VwY   NZ «K T! ! «T/60»

VWX   NZ«KT+ 1 ! -VW X   NZ ~ KT! ! +T/60 ~

89

SUBROUTINE WIND COMPUTES THE CGMPGHEHTS ALONG THE X- *ND Y- AX I S
QF THE SQUARE CF THE WIND VELOCITY IH SQ ~ FT/ SEC ~ SQ» AT ALL
GRID POINTS AT A GIVEN TIME



wrND

~ KT!

~ KT!257

oKT !

eKT!258

eKT!

sKT!

iKT !
~ KT!261

qKT!

,KT!243

270

90

C Lt= VeL 21

DQ 257 J=1 I 20
NZ=2

SWY� ~ J!=VWY hZ

SwX   ~ J!=VWX hZ

DO 258 i=48 ' 60

OQ 258 J=1 ~ 20
NZ=3

SWY� ~ Jl=VWY hZ

SWX  I e J!=VWX  kZ

DG 259 1= 1 ~ 22

OG 259 J=21 e35
NZ=4

SW'Y�IJ!'=VWY NZ

SwX  I ~ J!=VWX hZ

DQ 261 1=23g47

DO 261 J=21 ~ 35
HZ=5

SW Y  1 o J! =VWY N Z

SWX liJ!=VWX NZ

DQ 263  =48 ' 60

DQ 263 J=21 ~ 35
NZ=6

SWY  1 ~ J!=vwY NZ

SWX�yJ!=VWX NZ

RETURN

END

Q*Te = 76246 16/47/37
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SUBROUT{NE CCMPU

REAL KOR ~ KHS ~ KCC

COMMON U�5 ~ 36! ~ V�5 ' 36! AH�5»36!»UO�5»36} ~ VO�5»36! WHO�5 ' 36! ~
1D{65 ~ 36! ! U�95! JB�95! ~ JU{65! ~ JL�5} {G�00! JG�00!
2 G» DTDS ~ DT60 ~ WX ~ WY*WXDT» WYDT ~ CMSQ ~ GDT ~ GTS»COROT ~ TPRf NT»
3 1» J ~ k ~ N» Q 1 ~ QN ~ Q2 ~ QP» 03 ~ QC» DS ~ DTSSQ ~ T I ME ~ DT ~ P 1 » WSC ~ Q4 ~ 05 ~ 06» N Z ~
4V'WD�» 17!»KT» KKT» NKT ~ N! ~ N J ~ Nk»NN ~ SWX�5» 36! ~ SWY{ 65»36! ~ T ~
SHS{ 65»36l ~ KOR» KHS ~ KCC ~ HMSL»HOR»HHS ~ HCC ~
6 V WS� ~ 1 7! ~ QOR ~ QHS ~ QOC ~ VW X � ~ 1 7 1 ~ VWY� ~ 17 ! ~
7NB1�0! NB2{40! NB3�0! NB4{40! NB5�0! ~ NB6�0! NBI{40! ~ NBB�0!,
BNB9�0! ~ NB10�0!

C
C

C
SUBROUTl NE CCMPU CCMPUTES U ~ VGH AT SELECTED GR l 0 PO! NT S

91

UBAR= UO  t+1 ~ J!+UO  1 1 ~ J!+UO  1 ~ J+1!+UO !»J 1}!/4 ~
VBAR=  VO {+1» J! +VO  l-l ~ J l+VO {! ~ J+1!+ VO !» J-1! l/4»

HBAR= HO�+1 ~ J !+HO  l-l ~ J!+HO {!»J+1 !+HO   l »J-1! !/4»
THE, STEP BELOW ! }>PL t ES THAT WHENEVER THE TOTAL DEPTH AT A POl NT
FALLS BELOW 1 0 FOOT ! T lS CORPECTED FOR FURTHER COMPUTATlONS

FOR U»V»AND HE
HD=HBAR+D{t ~ Jl

lf  HD»GT ~ 1»0! GC TQ 640

HBAR=1 ~ -0  1 ~ J l

HD= 1 ~ 0

640 RAO=SQRT{ UBARAUBAR + VBAR4VBAR!

tF  ABS RAD! -0 ~ 1 ! 651 ~ 651 ~ 650

651 SF=0 ~ 0

GO TO 660

650 SF=CMSQ4SQRT{ UBAR+UBAR+VBAR4VBAR !/� ~ 224 H044� /3 ~ ! !

660 U t ~ J!=-UBAR+ UO{1+1 ~ J!-UO{t � 1»J!�0TDS

1 -VBAR4 UO   I ~ J+1 ! -UO   l » J-1 ! !LOTOS

2+CCPDT+VHAR-GTS+t HO  1+1 ~ J!-HO l-1 J! !

3+WXDT/�  1 J! +HO  I J! l-SF4 UBAR4GOT+UBAR

V{!»J!=-UBAR~ VO�+1»J!-VO{!-!.J! ! ~DTDS

1 -VBAR4 { VOt l,J+1!-VO  1 . J-1! �0TDS

2-CORD! 4Ud AR-GT SW   HO   l ~ J+ 1 ! -HO  ! ~ J-1 ! !

3+WYDT/�  1 ~ J ! +HO   1» J 1 }-SF4VBARCGDT+VBAR

Ht 1 »J!=- UO{ l+1»J! %{HO�+1 ~ J!+0  I+1 ~ J! !-UO l-1 ~ J�{HO{ l-1»J!
+0  1-1 ~ J! ! ! 4DTDS- { VO   1» J+1 ! 4  HO   l ~ J+1 ! +D{ l ~ J+ 1 ! !

2 -VO ! ~ J-1! 4 HO{ 1 ~ J-1!+Dt 1 ~ J-1 ! ! �DTOS+HBAR

680 RETURN

END
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4e4 ee44e 444ee44eete4
SUBRQUT INE HCBDRY

444444+48440444444fW

REAL KQR»KHS ~ KQC

COMMON U  65»36! t V�5 ~ 36! ~ H�5 ~ 36 ! ~ U0�5% 36! t VO�5 ~ 36! ~ HO�5t36! ~
lD�5 36! ~ I 8  195! ~ JB  195! ~ JU�5! JL�5! ~ I G  100! ~ JG  100> ~
2 G ~ DTDS ~ DT60 t W X ~ WY ~ WXDT» WYDT tCMSQ ~ GDT t GTS t CORDT t TPR I NT ~
3  J M N Ql ~ QN ~ Q2 ~ QP Q3 ~ QC ~ OS DTSSQ ~ TIME ~ OT P I ~ WSC Q4 ~ Q5 ~ Q6 ~ NZ ~
4VWD� 17! ~ KT» KKT ~ NKT ~ N! ~ N J NM» NN ~ SWX �5 ~ 36! ~ SWY�5»36! »T ~
5HS   65 ~ 36 ! ~ KQR ~ KHS» KCC ~ HMSL tHOR ~ HHS % HGC t
6vwS�%17! ~ QQR ~ QHS ~ QQC t vwx�» 17! » vwY�» 17! ~
7NB I �0 >, NB2 �0! ~ NB3�0! ~ N84�0! NB5�0! N86�0! NB7�0! N88�0! ~
8NB9�0 ! ~ NB10�0 >

C

C C H t Ut ANO V AT THE GR IO PQ! NTS ONNE HCBDRY CCMPUTES

I tl »J+1! t H  I+1% J-1 > � H  I+2 ~ J!
,NNBZ

I+1 ~ J-11 t H  I-I ~ J-I ! - H  I ~ J-2!
~ Nk83

I-1 ~ Jtl} + H ! � I ~ J-I! � H I-2 ' J!
~ Nh84

Itl » J-I !+2»0 � }   I+2% J-2]

.WhBe

I -1 ~ J-1 ! +2»0 -H  I-2»J-2!
% Nk87

I- I ~ Jtl ! +2 ~ 0 � H  I-2% J+2!
%NNB8

92

SUBROUT I

BOUNDARY

DATA

DATA

DQ 31
N=NB I

I =!8 

J=JB 

31 H f ~ J

OQ 33

N= N82

I= I8 

J= JB 

33 H I»J

DO 35
h=h83

I= IB 

J= JB 

35 H I »J

DQ 37
N=N84

!=IB 

J=JB 

37 H I» J

DQ 39

h= h85

I = IH 

J= JB 

39 H I ~ J

DG 4l

N=hd6

I =IB 

J= JB 

41 H  It J

DO 43

N=NB7

I = IH 

J= JU 

43 H  I ~ J

DQ 45

h=k88

I= IB 

NNB

NNU
K=1

 K!

k}

h!

! =H 

K= 1

 K!
h!

h!

! =H 

K=l

 K>

N!

N!

! =H 

K=1

 K!

h!

N!

K= I

 K!

h}
! =H 

K=1

 K!

k!
h!
! =H 

K=l

 K!
h!
h!

!=H 

K=1

 K!

N!

1 ~ NN82 % hNB3 ~ kh84 t NN85/1 3 ~ 39 ~ 20 t 31 ~ 7/
6 ~ NN87 ~ kNBB ~ kk89 ~ NNB I 0/8 »9% 7 31 ~ 27/
»NNB1

H  I+! t J+I ! t H  1-1 ~ Jtl ! � H ! % J+2!
~ NNB5



h IV '> L~Vt L 2!
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N=! 92

I = IQ  N!

J= JB  k!

U r.J! =U  r+!.J!
V{ I ~ J!=0 ~

DG 102 N=1 ~ 4
l=rB h!

J= JB{ k!

U{ I s J! =U  I+ 1 I J !
102 V{I' J!=0 ~

C C C
C

C
PAREIL I CO R I VER JUNC T IOh W 2TH SCUND

00 I 06 h=20 ~ 24

I = IB  h!

J= JB  k!

V{I' J!=0 ~

106 V  I ~ J!=V  I s J-1!

C C C C
C

CROATAN AkD RCANQKE SCUNDS

DC 1 I 0 N=eR ~ 96

I=IB{ h!

J= Jd  h!

u  I ~ J! =U  I-1 ~ J-I !

I!G V  I ~ J! =U  I o J!

Dc 220 N=92 o 96

I=!u  h!

J= JB  h!

U{ I o J!=O ~

220 V  Ioj!=O ~

93

I

J= JB  N!

45 H{I.J!=H l+! J+«¹2 ~ 0
DO 47 K=!,NNB9
k=h89{ K!

r=r B N!

J=JB k!

47 H  I ~ J! ={H  I J+1! 0 H{ I ~ J-1! !/2 ~ 0
DO 49 K=1+Nk810
N=NB� K!

I=IB h!

J= JB  k!

49 H  I s J!={H�+! o J! + H  I-! i J!!J2 ~
C ¹¹¹¹¹¹¹¹¹¹¹¹¹ ¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹
C CQHPUTAT ION QF U AND V AT THE GAPS AND OTHER BOUNDARY POINTS+
C ¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹ ¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹
C

C NE USE R I VER JUkCT ION W I TH SCUND
C



DATE = r6246HCuDRYa v G L-VEL
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C

C C
C

C C C

C C C

119

190

191

192

194

195

19@

200

201

202

203

205

206

211

212

214

215

216

OREGON INLET BETWEEN PAPLICO SOUhD AND ATLANTIC OCEAN

GR={ H { 57 ~ 2 1 !+H { 57 ~ 22 !+H �7m 23 ! ! /3 ~
IF  AUS{HQR! - 0 ~ 1! 192+ 192 ~ 119
IF {HGR - 0 ~ 0} 190+ 191 ~ 191
QGR=-KGR+ SORT { HNSL-HQR !
GC TO 194

QOR=KGRCSQRT{ HCR-HNSL!
GQ TO 194

QOR = Oe0

DO 195 N=104i 106
I=IS  h!

J= JB  N!

U  I e J!= QCR!/�+04DS4{D  I ~ J} ! !
V  I ~ J!=0 ~

HATTERAS INLET BET'WEEh PAULI CC SOUND ANO ATLANTIC OCEAN

HHS'= H�ke9!+H�2 ' 9!+H�3 ' '9!!/3 ~

IF  ASS HHS} 0 ' 1! 202 ' 202+198
IF   HHS-0 ~ 0! 200 o 20 1 i 201
OHS=-KHS4 SORT { HN SL-HHS !

GG TG 203

QHS=KHSiSQRT HHS-HWSL!

GG TG 203
QHS=O ~ 0

DO 205 N= 150 ~ 152
I=re N!

J=JB  N!

V{ I e J!=- QHS!/{ 2 ~ 04DS4 D I ~ J! ! !
U I+J!=0 ~

CCRACDKE INLET BETWEEN PANLICQ SGUhD AhD ATLANTIC OCEAN

HOC= H  19 ' 1 1 !+H�0 ~ 11 !+8�1 e I I ! !/3 ~
IF  ABS HQC! � 0 ~ 1 ! 214e214+206

IF  HQC - 0 ~ 0! 211 ~ 212e212
QGC=-KGC4SQRT HHISL-HQC!

GC TG 215

QCC=KQC4'SORT HQC-HMSL!

GG TG 215
QQC'=F 0

DC 2le N=I64 ~ 166

I=IQ N!

J=JB N!

V  I ~ J!=- QGC}/{2 ~ 04DS4 D I ~ J! ! !
U  I+ J! =0 ~
RE TURN

END
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Www4444ww 4+ww444WwW4
SUBROUTINE UVCI C2

4444444e+444844WWWf e

COMMON U�5 ~ 36! ~ V�5»36! oH�5»36! »UO�5 ~ 36! oVO�S»36! »HO�5 ~ 36! ~
ID�5 ~ 36! ~ IB�95} ~ JB�95! ~ JU�5! JL�5! IG�00! o JG�00!
2 G ~ DTDS»DT60 ~ WX e WY ~ WXDT o WYDT ~ CMSQ ~ GD To GTSo COROT » TPR I HT ~
3 I .J.M »H.Q I o QH Q2. QP. Q3 QC.DS.OTSSQ. T IME. DT.PI, WSC Q4» QS» Q6. HZ.
4VWD� ~ 1 7! KT KKT ~ NKT ~ NI HJ ~ NM ~ NN SWX�5 ~ 36! ~ SWY�5 ~ 36!» T ~
5HS  65 »36! »KOR» KHS ~ KOC ~ HMSL oHQR oHHS ~ HQC o
6VW5� ~ 1 7! ~ QOR ~ QHS ~ QQC » VWX� ~ 1 7 ! o VWY�r 17! o
7N81�0!oNB2�0! ~ N83�0!»N84�0! ~ N85�0! ~ H86�0! ~ N87�0!»HB8�0! ~
8N89�0! ~ NB10�0!

C
C

C C
SUBROUTINE UVC1C2 PRINTS THE VALUES QF U AND V AT ALL POINTS
IN A GI VEN TIME STEP»

95

WRITE � ~ 310! TINE»DT
WRITE� ~ 100!

100 FORMAT /1 OX ~ VALUES OF THE X COMPONENT OF VELD  ITY ~ U AT ALL PQI NTS
1 ~ /!

wRITE �»160!   J ~ J=5 ~ 19!
OO 110 I=5%61

1 10 WRITE� ~ 180! I o  U  I ~ J! ~ J=5 ~ 19!
wR I TiE   3 ~ 165!   J ~ J=20» 35 }
DO 120  =5» 61

120 WR I TE   3 ~ 185! I ~  U  I ~ J ! J=20 ~ 3S!
WRITE �o 310! TIME�»DT
WRITE� ~ 130 !

1 30 FORMAT  /1 OX o ~ VALUES OF THE Y-COMPONENT OF VELOCI TY ~ V AT ALL POINTS
1 o/!

WRITE' �.160}  J,J=S»19!
DO 140 I=5 ~ 61

140 WRITE F 180! I ~  V I' J! ~ J=5»19!
wR I TE   3 ~ 165!   J ~ J=20»35!
DO 1 50 I=5 ~ 61

150 WRITE �» 185! I ~  V  I ~ J} ~ J=20 ~ 35!
160 FORMAT  /7Xo I S�X » o   o ~ I2 ~ o }o !/}
165 FORMAT //7X ~ 16�X ~ '  ' ~ l2oo !o !/!
180 FORMAT �X ~   ~ l 2 o ! ~ 15  1 Xof 6»2! !
185 FORMAT �X ~   ~ 1 2o } o 16  1X ~ F6»2! !
310 FORMAT   o 1 o/' 0 TIME= F8 ~ 2»2X ~ MINUTES ~ THE T IMF INCREMENT USED

1S» DT= of 8 ~ 2»2X ~ ~ SECONDS !
RETURN

END



c c 0 0 0rA Il 030 0 IUhl

0 G 0
tft hl h'
I tt ht

0 0 0
Ctl N ID0 0N ltl

0 0O
O Itl 0'0' e

0 0
hl hl Ill0 0'hl Ctl

Ihe e cr e Cl CV Clnfhnhl

000
0 0

0 0n
000

I I 0'0

Doo
0e e hl

0 0 0 0

Z
V »
UJ0 0 0

ecchhl

00 0 000~ ~hl hl Illn

000rhl Ill Ctl aVU.
n e hln

0 Z Cl0 00 D~ ~
0 0Cl 030

O Ctl 0OO 00~ ~
DIDOOhl 0OI 0 I

0 0 IV
D Irt
0 0

0 ID
0' hlZ

CLCL'30 0 IIC P Ih0 0JLI

lt0 IV 92CZ
0 00 0+N CU0 0

0 0
hlO CU

Vl
ht

0 Z0 a
a 03XI 2 IJJIVI CLUllfl»Q IUU.P Z V

31Z V
~ V
I 0a

C IU
aIUIL
4 0

I C
a'll
U.
0

Ih
a Z

'P C ~
'JJ UIZV»
U.U. 0JJ aIJV L

000 ODDJ
Uon0

aUJ' ~
0 J

0 0 thh l I

Cl tlt
Qch Z

'0 0 0
cl fp 0I 0

0 0 0
0 ID hl0 I I r hl

V IU
4 Cl0 hl0 Vlhl IJJZ ZOIU

IftCh LI
ZP OVl

0 c 0

0 Z
a NZ

VZ 'c
CC
Z

IL IL IJ.h. 4 U.JJ VJ Itlv 0 uVVV%
I
I
Z

J

Cr

I I h 0J
Ict

e If P

0ct

~ Vl
IC
UJaIUfh»X ZUl

4»IIJVl »I
Vl QItlUIo th0 0

Vl
0ZOVI VIU UJI VJIIU

Z Z UJ4
ZZ IUX QJJJ Ulxaa

V 0Z IUaI UJZ 0IL P Vl

0 00 0 0 D 0
0 00 0 00 00 00IDhl

0 I I II I I 0 I I 11 I IO 4 Nel » Ul pV0000 ODaV 43 IV 0 UJ IJJJ J»UJZCZ JV CIU Vl Vl0» XIU a 0 Z a 00 IU Vz pa z z op»UJ T» V C ICI P IZzchPa»VV V» 0 Z VVVI P 0
U. aIL 4 Q a VIU IL IJJ X X Xu U a hovuuuulp ca a aIJ D a» IL IL IL

0 cc CI IJJJ Z V IC u V Vu IJJ 0 J J JZIDJZILILILaCDX»P»0 '» UJ CVXZCLCCDD

0 D0 0~ ~ 00 D 00 0 ~ 0Vt 0 JIfl CI 0 VlVt 0 003 Z

0 II VlV Vl XLJ J. IlXachuI IIU UIJ I PC ZIU ~J CCZ ~43 VlX»
0 aV UJ u UJIa I IIJ IUv '» a JDZQ aI I IU

'U UJ IU 00 LIaa ah.» I ZZZZI-V V VIft Vl Vl Z
QQQ Z
U. CL CL OVOQ ~�

ht I 0 ht ICJ f' Itl n A

0ooooo

I I It fc I IV IV

oc oODD
0: Ih 0I

C.DC 000

0 0 0 0 0 0
Ifl h Vl ' I lhch th e th Ih

0 0 0 Oo 0
0 0 0 th 0I/I Cl 0 Ich Ifl

DOOOOO
0 0 0 0 0Vt el Ifl Cl I/I

0 00 00 0
CJe hl e e f

0 0 0 0 0 0
o00 clothI hl fh

0 0 0 0 0 D~ + ~IV III Ct V fh I tN IV N N N I

O ODD OO
oODVDht ftl Ilt ftt N ht

000000
0 loca 0hl ftl

000000
'0 cl ch N ID 0hl hl

0 00000
~ e r IUth

DOOODD

0 OOOO 0J +N hl ID N hl ID0' 0 hl hl CI'hl N I n IU

0D ODD D~ ~Cl CI I 0c3 cp hl e Ul

00 0 0 0 0
ct Ifl r Itl

pone phf!

DOOOoo
03 CP P ID IDI I Cl CJ I Ifl

0 0 0 0 0 0~ r ~0 0 00 0 O' Cl' 0 0'

000000
hl hl hl

oo 0

0 0 0 0 0 0~ ~Ut hl I' ICI 0 Ih 0 IU

000000
cl ID 0 ID hl

0 l I

0 0 0 0 0
DDOoO0' l 0' 7

n n n n n fhhl hl CV hl N htI

Ih Cr P CD0

chnnn nnht fh Ctl hl hl IU

e cl 0 h 03 0'N hl III Ill hl N

0 030'ID''llCU CU hl ch III hl

I th tp I ID 0 0I



4 O' 0 0 1 Al ru N rv n e e r e r lll I O' 4 a' v 0 o' 0 o O' 0

lh e n 0 O A 1 I 0 O' I lfl n 0 D O' + 4 'O On I ri Al AJ IV II c it

01

0 2 0 I 0 rv ri e tll 4 w 0 o 0 rv n e lh 4 I 4 h 0 fvI I I I 4 I I I r. a 1' o O' 4 1 0 e 1 O' O' OI
I Ift 4 > s O' 0 Al Pl e Ift 4 I COZ a e e 4 e tfl lh Ill rl lfl Ifl Ih Ih IhI

VJZI

0 itl
2 de ee enAl CV Al IV 'Al Al

4 ol e 0 O' 0 I 4 I la 4 n Al NDIV Al Al Al Al AI
Serncv OCV N Al Al fV 'N

0 2 0 lo4 Vl e n Ar 0 Oe e e r e r r e nn
O lot vl*reenrvase e e e Vl e e e vl e e e eJC

0
P.

Z 0 a.
VJ
7 0 Z 0

I I 4 O' 0 CV n e IfJ 4 I S O' D Al I1 e lft 4 5 0 O'e e a e e e 4 e e e e e e 4 4 4 4 4 4 4 4 4 vlI
n re dr so'00 000000

I.SO'0CVO'0 0'000I

IJIZ

a de eeeeeAl Al te Al Al Al CV IV
nnnnAl N te AlnnZ Al CV

~ ~ ~ ~0 IV n r ennnnnn
~ ~ f ~ ~ ~ ~ ~
eedis00nnnnnnee7

al

4 0

I ethel sad cvnaedf sad Nnee4Y Al N Al IV N Al n n n n n n rht n n I e e e e r cfI
I 0 0 «Al Pl r' 4 4 f S 0 0 < Al7 e the eeeeeeeedddI

Ih I. 0 ol 0 S O' n e e a n O' 4 4 lh e n AJ Al cvJC IVAICO ION AICVnnnnnnnl AIAINNAlrvtvcVN
0

n n nnnnn
4 4JC

0

I O

cV n a Ift vl I 0 O 0 N nCV Al Al IV
CVnredASO 0 Nneedr-SO 0

Al Al Al '1I
Al n e e 4 I vl O 0 Al n7

I

97

eeewwaaN N Iv Al N AJ Al Pl n n n lh n

nnnn ed nneeeAl Al Al CV IV IV Al

0 0 < N n e lh 4 f Ia 0' 0r e e e e e e e e e e 4 4

n n n n n n e e e e e e eCV Al Al Al Al IV AI ta AI At Al Al N

O'00o'A f'f f A f ethel

0CVN ~ 444000AInnnnnnnnnn e ~ r

O Sa eeeeeeer WeAIIVAlnflelnnnPIAJIVfl

4 IIJ
CJa
CJ

0 lf
a
7
rh
2
D 4

Vlill
I 7
0a
0 D LJ

Al IV Al7 CV CV N
0

I Ifl

IP

neernNrvNnr athdf.SO 000rIV Al Iv Al N Al Al IV Al Al Al cv Al cv fv lv n n Iv IV

~ ~ ~ ~ ~ ~ ~ ~ ~ ~4 f. 0 Al n Ifl f Ol 0 N n e lh 4 I O' 0 0n n n e r e e a r r e e 4 e e 4 e e 4 4

evlf.SDDDDN Irel o'IV V Al Al CV Al Ar re N N

Ih
n 2
CJa

eAI

7 0 a D 0
CJ

7

0 Z

0 l

2
Ol

Z
IO

0

ihct nYln tv000004r1YlnnnnnFII1fVAIIVNCA

0 0 0 0 el I I f 4 Ih lhd d 4 e e e 0 e e e e e e e

eedl Saa O O a a O a aIVAIAIAIAJ'NIVNAICVAINAtlV

Ifl rl Vl VJ lfl lft 4 4 0 0 0 Al



0 N
N

ln 4

'4

Ut
4

0 At
Kt

UtAI
0Ih
0 e0 ltl

Irt IIu

e cvAJ Ul 0Ot4

UN
0'

Pl AlPl Al
0 PtIh 4

0'

Ih
Al

IV KJ 0'
Ih

Kt 0N44a

Ih
4 e
Vl 0g nI

KJKt

0

'4
Ift ClO' N

IhCIJ
Ih

tv 0At Ifl

fId n~ C
r 4
I 0Kt

Ift PlPJ CV
'0 AIe 4

Pt

At

Ih0 Kt

0' nAl t 4
AJ

4

PJ
n
Pl

CO

0 PIN CV
0 Pt

e a CV 44 Kl

0'4 e
hr0 Al

UtIV
PtAl
4Pt

0 nlft0'IV N Al Al

hl
e 0

4

~ 'I Al O' Cl lftIV r Kl
fn 0 Kl

~ ~ ~ ~ ~ ~ t
thIU
Z IIJ

'IF
At'll

I ~ I

P92
IU2 IO
ltl

UlU

'lC
Pt
CUZ
OJ

Id At
0 Ih
0 0Ut

0 nIV CV
IO

CV

PIAl
IfJAt Ul
CUPt

IU 4n Al

e Ut

Ih

AtUIV

VI
IU IO. Ctl
P Ih 0 I' I

IOe 4

hfit 'N
0 rlt

4r

PtIft IftrV Al
IOI
0' 44 I

IU4
I

UtI1

4 0
UtI
Z
pIl

I/IIZ
0a

I/1

p fl
Ul

Ol"J
KlPt Ifl

PtIft VlN
I 0

Kt CftFl I

0N CV
0'CV
0 clt

I

CI
L'

0 Z 0 D
0'

p Z
CJKl

K Z Lt~ ~ ~ ~ ~ t ~ ~ ~ ~nPIPJne lfl 0
PJU. IhIV

0 0Ih At

tl

PJPI CV
IhIV Ift
K:I'I 0

Al
CJ

U 4

m 0 CI 0

0'
AI rl IV0

0 Pl I
rvn

N At
h rr

ll Ih I 0
Ul
0 VAl ft

0
'0
0 4

I
Ill

0 V'I p0 0'

98

N I n n I I Pl I I'I n n I r If 4 I P I P t 0, 0 CAIAIN Al

4UtenN 00 00 KPottentv aOOOOOOC.4UtlhvlUUtlhlh
PIN AINA IVA.

U 0 AJ n ~ Ut Cl 4 0 0' 0 tv n e Ih 4 P. 4 0 cl N n e th 4 t IP 0' 0 tuIft 4 4 4 Vl Kt Cl cl 4 4 4 P I P I P t- I P. P P CU 4 O' Ih rr' 4 4 4 IP 'r 0' O' 0

4P44KIKtennnnnN 0000 04r r CrlhlhlhlhlhaPPP

~ ~ ~ ~ ~ ~ ~ ~ C ~ ~ ~ ~ ~ t ~ ~ ~ ~ CathochemnntV aOO 0 ot piatholhr nnnN oOOOOr.0 4 Ih 0 Ih Ih Ih 4 Ih 4 th e e e e e r e r ~ e e e e r r e r e n n n n n

r N Pl e Ut 4 I 0 0 0 r N n e VI 4 P Kt 0 OI IV n r Ifl 4 P 0 0 0 Athl At ttt N N N AJ At iv Al Pl Pl n Pl Pl Pt Pt Pl n Pl r e r

4IUUPIPInnnelhthotflth4Pt'C OP 0U'0rroahl Al cV N Iv cU cv Al CU IV Al Al cv Al Al Al N IV Al fv IV cv Pl Pl n Pl n Pt n I n Al Al Al

AIPJPIPIeth4PPPKJU0AINPIPI elhlfllll4NKIOP~ e r e e e r e e e r r 4 Ih 4 Ih 4 ch Ih 4 Ih Ih 4 Ih Ih Ih 0 0 4 4 4 4 4 4

Pt e 4 4 6 Kt 0 0 cv PJ e Ih KI 'P 0 0 Kl cv PJ e Ih 4 t Kt 0 0 N n r lfl 4444444t t t f t PPPf P KIICIICIIOCOtntOKIIOKIU It 0 0.0 0 0

0 CVnrrtalhlhthththththenN Coat wr olhfhoennnnnPl Pl JO n Pt n n n n rh Pl n n n Pl n n n n CV Al Al IV Al IV N N hl Al hl At IV N cv

OOO r rvnnnehothapanhl N Al Al AJ Al At Al Al At N Al Al Al Al Al Al Al Al At Al CIJ

Ft Kt t Kt 0 0 N Pl e Ifl vt I '0 0 0 AI I e Ift Kt I IO 0 0 Al n e Ih 0 IION fVAJNAI VAIAINnnnPIPIPlnnnneUrer t t er

Ifl

0P At Alrl IflP
AtUZ

p Ifl IIJCV CV
Ift JI

I I
UJ 0 Kt

~ ~
*Al Ifl

40 n
Ifl
Z
P PI0 ~ IhAl IhIK Al 0n

IJ



92In

U.

nAl I

IPI IC
CV Ut

0'

I
O
fVID

UtAl
me

IU

0'0

Al
O
Z ZUlIUZ

lf

IDZ
hl

lll
CUI

m IfJ
R

Utm

Al

AI

ICJL1I

lfl

UlIfl

IIJa
I

te
4 l

IA 4 Cf
VlI
Z
0l1

ul
Z
O

UIIZ
UtO.

IV

0 0
A

Ift

0a O Cf
ID

a 0 Z
0el

CIZ

O

I
Cf

fe

m Al

IA
ftlO

0.'0
I I
ID

UI0 A UlCll

Ctf

V

U'

0

m'0 AlCDZ IACVIU
e

'CI
IU Ifl4 Al

Ill'IV
4O AJ
UIIZ IA6a m
CCE OO eZ
CfOJ Al

CV
IDPt

AlOt

Y Ul
Z 0
OI ICI

IUO.
U

4
VlUl

IP
Oa 0''0
a eIAZ
OID I

0'

I

0' I 0
I ~

e 0 vhl
Ift IP 0'

cU 0 IJIOA

e Itt 0ttl
B

IA
m IA IAO Ifl

cU e oIV Ctl
I'I CIAJ
0 0m O

O ClV te

AI 0
Ifl Im Ip

e om

IV
0 mIV Ul

mtAAI fl
Ulo m

O Om Ul

Ifl

0AI AtAt Ilt

Ifle

fv 0

0 IA
IAI

At
AlUt
0 0CV

Ut Xe
IA

IA I I

IV AI 0e IA
m 0 Ift0 CU

Ul IACV
e' om IA

I VIIIfl

UItlf
ec00UI O CV

0 0

UAl
m '0 oCv Ul I

l O Ut

IA 0
m fit
oo0m

0'voe

Vl Ifl

O O0 0
0tv 0 m

0'JV l
0 *JI e

I



e e e 0 e e e e Ih e 0 0 a e et e e 0 e e ut 0 e o n o 0 0 0 ut N 0 0 0 0 0 0 th e ut a 0 0 lh e O 0 O 0 0 e O 0 o O 0 O0 Nr e Doc ruNecuoaehnseOehoeeo u IhO r neeenOutewcu eaih Oeee«N«noaao
iweo neeutwwhenr neeeuulhhhhoheeeahashoechaeheerlnennruaeeeeeee

n

On OO DOOe D Oa~ ~ ~ ~I 0 4 Kt0lu

Ih 0 ul Ifl Ifletc 0 I Iure
Ihlfl lfl 00 0

cu

N Iu Iu

0 O O e o n 0 e 0 0 o 0 0 n a n 0 O 0 0 0 e 0 e O i a a' 0 ur 0 0 0 n 0 0 0 o 0 O o 0 a 0 e 0 e o 0 0 e 0 0 a a 00 O OiooaeO«ODD 0-aaOnanaeOea ooo«ODOnoooeoeonor ocuomaoaaaaa
~ c ~ ~ ~ ~eeeeee NNn oeheoa Neeuteeutereaa ahaaaoahheeccuteutnn Oer.thee«theIII N

OOO«eeooaaeODO«OnanOeOODNO«OOaeOnaeoaaea ee«DOnonOr ONDDDOe aaONDrueeaenaltc«Ne 0 er eoe aeeaeeoieeaaaeeesr.ru«O e O e oaaa~ ~ ~ ~ ~ ~ ~ c c c ~ ~ ~ ~ c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ c c ~ r ~ ~ r ~ ~ ~e lh e lh «N 0 0 0 0 0 0 N 0 4 0 P Ift 0 D cll n n e e e 0 N I N 0 el 0 et 0 0 1 0 0 r 0 lfl lfl e n 0' 0 h. 0 «e Ill e e e
D

OOO«aOOOaeoeoeOeoeanaODOoOaoaaaODDDOO O OoonoeO O anaaaaaDOOOD OOOeOcuOnononaeoea«OOO«O«aaaeo aaona OhoeaeaetO aaaOo~ ~ c ~ ~ c ~ c c c ~ ~ ~ ~ ~ ~ ~ ~ ~ r c ~ ~ ~ r c ~ ~ ~ ~ c ~ ~ ~ ~ ~ ~ e ceeeeee ~ Weeoieeeeeucieaa Nneeeuceeeeerehthh eeuruleut-ONeeeeeeeee

a aoonoi «oeu o coo ononoeaoorcooooo Doe De« oeo«e a ee 0 e cure oo oooo0 a O O e 0 N e W 0 0 Cu 0 0 0 e N 0 0 e 0 e i 0 0 e 0 «0 0 N 0 0 N e N e W e 0 0 N e e n i W N 0 0 0 0 0 0 0~ ~ ~ ~ ~ c e c ~ c ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ ~ ~ ~ ~ ~ c ~ ~ ~ c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ ~ c ~ ~ ~Ih ul Ifl Irt Ih e Ih 0 ur 0 0 0 Ifl Ih Ih ul Ih ul 0 ~ I Ih 0 0 0 hl N n n e e Ih 'Ift uc 0 0 0 I 0 Ifl n n rc 0 0 0 Ih e lh el Ift 0 0 Ih ul

0cu 0
0

0 o0 onOOOO~ e ~ ~ c lu
eee

lh OI 0Z Ih
0 a

ooaoo0 0 000~ c ~er Ih Ih Ih ul

'0N

OODOO0 0 oo 0~ ~ ~ ~ ~
«e ul

or o o
lhI

urcu

cu

Z e 0
iu N 0X e

Iuhl

0 0 e
ul lh
0

Cut

0 O O O 0 O O 0 O a 0 0 0 O a 0 0 0 a a O 0 a 0 0 o O 0 O O 0 o O a 0 0 O 0 0 e 0 Ih ut 0 0 O 0 0 a a O o O 0 0 a OIf e o o o o o o o 0 o 0 0 o o 0 0 a a 0 a 0 o 0 o 0 o o o o o 0 o a o 0 0 o a 0 o N n ru o 0 0 a o o a a a a a o o 0 0
0 ~ ~ ~ ~ ~eeeeeelheeeeee«eeeetheeeeeeutu eecceu eh hhute«eeeee eeeee«e eeeeee

0cu

Ifl 0& 0 0 0 el n 0 Ifl 0 I 0 0 0 hl I e lh el I 0 0 D cu n e Ift ut 0 I 0 0 run f 0 etl 0 0 0 Alltc e 0 Or Nh' 0Iu N N v v N v N N ru n n n n n n n n n e e e e e e e e e e ul e e e ul e 0 e h e 4 ur

0 0 0

IU
Wr 0 0 0 4
til ulIII

0 Ih 0 0 a e 0 e 0 e 0 e 0 0 0 0 0 cr 0 0 o 0 O n 0 e 0 0 0 0 0 e 0 e 0 o e O 0 o e o e a e 0 o 0 0 0DDDONDODOONaoeaaauralttohaeaeanaaaeanoeaaoNONOeaaaaa
ut «N e n n n Ihul 0 0 0 Ih 0 el 0 0 0 O' Dh' 0 0 0 0'0 0 0' 0 et hlh e e ~ e nn Dul elhlhul lrl 0hl hl Al cu hl

n e e O 0 0 e O O O 0 0 a a 0 O e n e 0 e a e e 0 a 0 0 O n 0 0 a e h O o O 0 O e 0 0 e i 0 0 a ON 0 e n 0 N 0 e 0 0 0 0 0 0 0 e Iu 0 N 0 N e i 0 O 0 O 0 e O 0 e 0 r- uc o e a n e N e 0 cu n 0 a 0 0
Nnne ~ NNaua Nneeear I eehhheoOoOOhh Decree«eenN Dr'eeeeee

O N a ~ 0 e O O O 0 a n a O N 0 0 0 0 o 0 0 0 0 0 O o o e O 0 0 0 0 e O e 0 0 0 0 O 0 o 0 0 O O O 0OND ~ Dcuoaaooaeoeeeaooeauloooaooaoolflonoeaaaaoooooooao~ c e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ c ~ ~ ~ ~ ~
eeeeelheeeeeeuleeeNNDDOD«NNNuteiesa OemN or.e«eeeeeeee

O 0 a a O 0 O 0 o 0 0 O 0 e O e o e Ih e e O O o 0 O e O O O O O 0 o a 0 e O e o e a n O 0 O o O O O O0 o a 0 0 0 0 0 o 0 a a o N e r 0 N 0 lu 0 e 0 e 0 o N 0 0 0 0 0 n e 0 e lu e I e hr ul 0 0 0 0 0 0 0 0~ ~ ~ ~ ~ ~ c ~ c c ~ ~ ~ c ~ ~ ~ ~ ~ ~ ~ ~ c ~ c ~ ~ ~ ~ c e ~ ~ ~ ~ ~ ~ ~ ~
e e e e e e e e e «e e e e 0 «0 0 0 i N 0 0 0 0 O 0 N n e e e e n N O 0 0 r. 0 e e e e e e e e e e

0 O 0 O O a O O O O O O 0 0 O 0 0 i O 0 a a a O n 0 0 0 e a O 0 n O 0 O e a Ih O m O 0 o 0 o 0 O O OaaaaaaaaoaaaaOONONOeaeoha Ooaoaea 0 Ical ocuoNOoooaoaao~ ~ ~ ~ ~ ~ ~ ~ ~ c e ~ c ~ ~ ~ ~ ~ ~ ~ ~ ~ c ~ c c ~ ~ ~ ~ ~ ~ e ~ ~ e ~ ~eee«eeeeeeeeeeeeeeee«ucNhh400OOcuNnru h utr Nureeeeeeeeeee

O 0 O O 0 0 0 0 O 0 O O O 0 O 0 O O o O O a O 0 e O e O e r 0 0 e O e e O e 0 e 0 O 0 0 er a O a O O O 0 O O OO 0 0 O 0 o 0 0 0 O 0 O 0 0 0 0 O O a O O a O O N e N O N e e 0 cu 0 i e O N O n N e 0 e a a 0 O O 0 o O 0 O~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ ~ c ~ c c ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ ~ ~ ~ c c ~ ~e ««e e e e e e e e e e e e e e e e e e e e e e e e 0 0 0 0 0 r e N 0 0 O O h 0 r 0 0 e 0 e 0 e e e e e e e e

O o 0 O O O 0 O 0 O a 0 O O O O o 0 O 0 O O O 0 ur O 0 0 0 0 O 0 0 0 0 0 0 O n 0 0 0 n 0 O 0 0 O 0 a O O 0 ODOOOODODDOaOOOOODOoOODODDO ononaeaeaeaia 000 oaaaOOaOaOO~ e c c ~ c c ~ ~ r ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~eeeeeeeeeeeeeeeeuleuleeuleeeeeeeeee«4«raeele92Oe«eeeeuleeeeeeul

O 0 O 0 0 o 0 O O O 0 0 O a O o O O o 0 O a 0 0 0 a 0 0 O a O h e O e o e O e e e n e 0 O 0 0 O O 0 O 0 0 0 0 0Ooooaoaaoaoooaaaoooaaoaaoooooaoaculfll oculhNI Neluoaaooooaaoaoo~ ~ c c ~ ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ + c ~ c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
«0 e e 0 Ih 0 0 e e e e ul e ut ul e e e e e e ul e th ul e e e 0 e e e e e ut CI uc ut 0 ut e e ul e e e e e e e e e «e e

O O a O O 0 O o 0 0 O 0 0 0 0 0 o O 0 0 0 0 a 0 0 0 0 a 0 0 o o 0 O 0 O O e o n 0 ut a O o O O 0 O 0 0 O 0 o O0000ODDODODDDDDDDDDOOOODDCIOOODDDoaana>00000000D00000000
e e e e e e e e e e e e e e 0 e e ul e e e e e e e e e e e lh uc e e e e e e u e 0 e e e e e e e e «e e e e e e e



Qoaclcc»Ceo lf.oeodlccaceccooQCOC doc QocDQQQQQQQQQQQOODaoODCIQOOOO»tf OeftCOcVCOAOV VWOOOCOQOQOQOOQOQCOOOOaaOOOOOOOQOOOQQ
0 e . e > IC 5 5 1 1 II 4 IA vt If' v' v' ll If v IP V' v' Ifl A I g V I 92I; Ifl vl IP fl I, e Ift 5 IP Ifl 4 Ifl IA Ifl 5 lfl e vl Ifl Ift Ih vl Ifl Itl e

D IhQ»
o o» o vt a 4 c 0 0 4 o 4 0 c ct s 0 c c 0 Q Q 0 o o o Q 0 o o 0 o 0 o 0 o a o o o Q O O O o O a 4 a n O m OQ m Q 0 lft 0 Q c 4 Q o 0 0 Q e Q e 0 c o Q c 0 o ct 0 0 o 0 0 0 0 Q Q Q 0 0 0 a Q Q o 0 0 O a Q a 0 D 0 0~ ~ ~
C' 0 c' C Q' 3 Ic 'T Irt 1 1 4 Ift Ifl IP Ih 4 vl Z V I v ft IA IA Ifl cl cc IA e v, Ifl IP Icl IC If' lft Vl Ifl v ~ Icl Ifl vl Ih lfl Itl Ifl th Ift vt IA e ltl ltl Ifl

OVlea lf'ct 0Cv»e Dec eh a»c'raooooc0cooocooo0oo0oaao004lhh0aoa4 Al e IP 0 I Ift Al e Ifl C' lv vt ctt N 1 cv N e I' 0 ct 0 Q ct 0 c d c D cl Q Q 0 C 0 0 0 0 Q 0 0 0 0 Q 0 0 0 N 4 Ih e IA lft
a O e e 0 5 c. 5 1 1 4 vc e IA 4 4 Z 4 e e ft 5 v' 4 4 e e ft e e 4 e 4 lh e v e e e e A e e e e e e e e e e e e eQ a

a C a e 0 C O n o n O n a m o 4 O 4 o 4 O o Q o a o o 4 o m d 4 Q o o o D o o 0 O O 0 o Q o 0 O 0 4 0» a n aOe Deva OeoDOOaoooaeolhooooaao0o cooooOoooaoooaOoooaha o 0
Al Oft 0 e 5 4 I 1 4Vtlftlhol 4 4th lfllhlhv Ifllllvl fl 4 Vl I'Ihlhelf vtelhlfllfllf 4 evllflltllfllhlftlfl44444

O 5d Ih
Al

moeoeO eeo4eeecOnOcfea oc oOocvtCOcceeoaooaaooaoOaaooeoeaaaavt Ift 1 Ifl n 0 lh N Ifl 0 e Al fl At e Ifl Q cc I Q c c O 0 o Al C If' c cv Q 0 o o 0 Q 0 d Q Q 0 Q Q o 0 Q cv a 1 0 a 0 o
n m CV 0 O 0 0 5 5 I. I 4 4 4 4 I I 4 e Ih lh vt vl Ift e lh IA fl Vl vt vl 4 e lt'. 0 vl v VI V Ih lh 5 vl Vl IA e e IA 4 4 I I I I

e a1 o

o e a o o m O e a 5 a e O m 0 4 o 0 O 4 O n o m 0» 0 4 o O o 4 o m o 4 o Q o O a O a o O o a C O m 0 5 O 5 ODNDODoiltaeahlooaoeoaDooovtoool/ID DQDDooaoaaooa040IC050
4 Itl lfl m 0 e IC lh 5 vt I 4 I Cl I I 4 IA IA Ih Ifl lfl Ift e lft 4 4 VI IA Ifl Vl e Ifl Ift IA IA Itl Itl lfl Vl Ill lh Ift Ih lh Ift 4 5 I 5 t'

a O O 0 O O e 4 o 4 e e e 0 e C 0 5 0 e o O 0 0 0 n o 5 O 5 O n 0 ct e 4 o O o O O O o 0 a e e 4 O e O o O Od lfl 0 Ih 0 Vt It I 0 ltl D I N Al Ifl I 0 n 5 I lfl IA e Ifl Ifl 4 0 n Ifl n 0 4 Ih c Iv 0 0 0 0 0 0 0 D o D 1 Ift e At 92fl Itl Ih Ifl
4444mNN» OOQ Q 51I-5514eeeeeeeeectvt4eeeeeetflelfteeeeeee4155555N 4

O 5 0 4 0 a 0 4 0 0 vl 0 cc 0 4 0 O 0 cc 0 4 a 0 0 a 0 n a VI 0 e o Vl o e 0 e a 4 O 0 0 e O 5 a e 0 5 a Vl 0 5 0O m o e 0 0 a cf O » 0 N 0 cc 0 ul 0 e a Q 0 C' o o o 0 a 4 o tV 0 I O Al a 1 0 o o 0 0 o 0 m 0 4 0 n 0 1 0 tv 0~ ~ v ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ + v ~ v v ~ v
I 1 ltl e 4 92I 4 Il n Iv N Q 5 5 0 ICI IC vt 4 Ih 4 4 4 4 Ct 4 1 1 I VI 4 4 4 Ift Ifl Ih 4 Ifl Ih Ih Ih Ifl IA Itl lft 4 Ift 5 e 5 O' C 0

0Q lh

45C a eCODoceaeaaeOOo eee+OOaeoeaea»a eneOevtOee-aeaaOnOOOOeieanNeenaewaNCeiema»N»N+eee15Nemaeen1 t.eNDO»r ne500oeeeee~ ~ ~ ~ ~ ~ v ~ ~ ~ ~ ~ ~ ~ v ~ ~ ~ ~ ~ ~ v ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ v ~ ~N 4 4 5 5 1 e e e e 4 m m cv a e 0 e C 5 1 4 4 4 4 4 4 4 1 5 et 5 5 1 I 1 4 4 e e e e e e e 4 4 4 5 0 0 5 5 5 5 5

404040non0404oOO»OC anOeo4ODO O aea400040 OeaDOOOOODO404Oeo AOOO dea»aeooO ODOeaNoeOOacfOma505O' ~ ~ v v v ~ ~ ~ v ~ ~ ~ ~ ~ ~ ~ ~ v v v ~ ~ ~ v ~ v ~ ~ ~ ~4 m IV 0 0QI 0 1 4 4I' I 1 1 1 5 0 0 0 C c C 0 Ift 1 Ct Diff 5 ill 5 4 5 5 Ate we 5 1 5I 5
oeolftoeoo0 0IV01 0»0~ ~ v ~ ~Cl 0 IC tv 4 1 4 4

Deaene»045»aoaee40505OoODona coo eeeeOnODOV oDOeOOeee4OOOO0 IV ltl 4 w I 5 Ill 4 N 5 0 0 0» I 4 Q n lh m 0 0 O m Ift 4 0 vt At Ifl 0 ct fh 1 I Vt 0 Ifl 5 0 AI D n e 1 VI 0 1 n N 5 Cl Q D 0~ ~ ~ ~ ~ ~ ~ ~ v ~ ~ ~ ~ ' ~ v v ~ v v v v ~ v ~ ~ ~ ~ ~ ~ v v ~ v ~ ~ ~ ' ~net 0 CI ~ 1l 144e ~ mNcvfv Deaf I I I I 550 N aaoaeo114v�1vlc aaoet.t P.WP

DOOODOOona 0-a-Oeaaahoda40404QOQC OnO Ooa5aeOOO5 0 0 0 0 0 lh Ct 4 0 vt 0 Ct 0 n 0 Al 0 0 D e 0 0 0 VI 0 0 0 Ifl 0 IA 0 0 v! 0 5 0 Ih 0 Ih 0 Al 0 N 0' ~ ~ ' ~ ~ ' ~ ~ ' ~ ~ ~ ~
44lftec92tmm05I t IPID500N I »c»vAI»lv00vtt I ~ 5 0 0N II54444A

Oeae ODOcf 0Oaae 0500 0~ ~ v ~ v ~a Al 4 4 0 Ifl 5 I cl

04 0

4 0 e O e e o e 4 o 5 a 4 e e o 5 o e O 4 5 5 e o e C 0 e e n e C o 5 a e e 0 e e 4 0 e e O 4 5 4 O e 4 4 0 O O 00 0 At 0» 1 Ift N 0 0 5 ltl e N 4 Ih n a IV d 4 N n At lft I Q I I 4 o m Ih 4 cv 5 I I cv d I i 0 0 1 0 5 At lh 0 0 0 a~ ~ v ~ ~ ~ ~ ~ ~ ~ v ~ ~ ~ ~ ~ ~ ~ ~ ~ v ~ ~ ~ v ~ v v ~ ~ ~n45555551644eeeeCn Oe Deco-Nmeeee ocr CmN QC Ncaa N 054VI444

Onaeoea 00aeoooea40-OO0404050 Death oeaeo OeaaaeoCOOO4050500 0 5 0 o m 0 0 o 1 0 C' 0 4 0 0 0 m Q 0 0 0 o Vl 0 5 0 n a At a t 0 cv a w 0 5 0 5 a n 0 4 0 4 a 0 0 ul 0 5 o 5 o
50545505555I 5414I 44CNN v NNeet l5444r 44csroai NN» el elhCtlft4

e e 5 e 5 e o e a 0 n a O o 5 a e e a n O O o 4 o C e e e 5 e 4 0 cf e e O 5 0 0 O OIV m At 5 IV Vl I Q IA 0 A AI Ih 4 At m O 4 e Ift h N Ifl IV 1 I m I 0 0 c 1 4 0 5 Ih Ifl 4 lft
4 4 4 4 e Ih e m m n n n cc cc Vt 4 I 5 5 5 I 1 I I I 4 4 m cv cv IV n lv 0 ct A. 5 5 e e 4

0 00 Ih a coo oeoaa0 1 D O D IQ ltl 0 IftearnAl vl 4~ ~n Ih5 C' 5 5 Ih ~ 1 I 4

4 0 w O O Cl O O Ifl QCOnaeoeo mano~ + ~ ~
o»oeoCl Vt Cl vt 0
55o 4 Iht I CII c 44'5

e4I.DAO Nnre41500 Nneeer Qed cvtvcce415C o N»Ceer Oeo Nnalh415eacV N At N N N N At N cv m m m» m m m m m n ct e e c W W e C e e A ft e 4 e e e 4 e e 4 4

101

D IC0 Cl
tv n

a olfl vl+

0 e0 IV' ~ ~cv

a e O 0 a o Q o m 0 4 a 4 0 5 a 5 0 O e a c o 5 0 e O 5 o 4 O m a m 0 m 0Ic 0 I 0 n a o Q Ifl a o,l a e 0 vl 0 I 0 n Q h Q c o 'C 0 4 d m Q Ifl 0 4 D 0 0
~ vIh 4 Ih '4 Ih Ift lfl e e vt vl 4 I 9 v' P 5 0 ct 5 Vc W 1 I C ctt Al % m c n m c vt 4 IA IA Ifl Ifl IA



I/II
Z
CI
a

0 D I.OO
tu 4 r nl 0 0 0 0Z CNNr 0 r 0I

o Cl o 0 0 o ID 0~ ~ C ~ u ~ ~ ~aaaaoaao0 0 0 0 0 0 Nrnnnln n
0 LI
JIII

Z 0
a

Zulr
W Z

J

0 V IU

CI
0 0 0 4 D

II0

ul 0

Z 0 V

0 0 0 0 0 0 CI 0 0 N DI r 0 0 0 0 0 C~ ~ u ~ ~ ' ~ ~ ~ ~ ~ ~ u c ~ ~ ~
o oooo 0 ac o na 0 coo 0'C '0 lh ul ID 0 0 '0 0 4 Cl ID ul ul 0 ul 6 IDnenn nnnn nnnn

ut 0 0 0 > 0 0 0 0 0 0 N N 4~ ~ ~ u u ~ ~ ~ ~ ~nnoaat OOOOONIDOaearuOCI O'Duloa erenn nnnNNn

aaau'o aoaau ~ u ~ ~ c c ~ ~
oaa 0 0 00 00'0 '0 ID 0 n 'oululn lfl Iu n n n

e a e 0 e 0 e e 4 e 0 e aru run n N hl'u9234 ~ ~ ~ ~ ~
IhlfleeullhlhCI00CI000

a4 D
II
ul az ul RI

C

102

I
IP
ClaVZ 0nl
W

I II 0ill OII II tu

e 4III ttIJ
C e  IZ WIul0o ui
00 I

ni N cassnntuC ni unatiCCnec IC aaarncnoaaCOONO
0 n 0 0 0 . c 0 C c 0

n C I nCnnan r rnnaanl uona00004
orceaooaeeNOOaaae OO000OOOOX u' n 0 0 C 0 n It r 0 C 0 O 'C r r 0 0 ID h 0 0 0 0rn n

a aacamtu Ooao N 00000 NaaaOOOatuaaoOOOOOO
o 0 a 0 a o 0 0 0 0 a 0 o a a o 0 0 o 0 o 0 o o 0 0 0 o 0 0 0 o 0 0 0 o 0 o o o 0 0

e o e o e o e e o e 0 e o e e 0 e 0 e 0 e e 0 e 0 e 0 e e 0 e o e 4 e e o e o e o eNNnnNNNnnNNnnNNnnNNIDnNNNIIIn
~ u ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

e e e e 0 e e o o o a 0 0 0 e e e e 0 e e o o o a o 0 0 e e e e e e e 0 o 0 o 0 o omnnnnnnr rrrrrrrrr r rr reeeeeeeeeeeeeeooooooo

OOOONOOOOWONOOOOOD ru aal D NNNOOO nOOOOO OOO~ ~ ~ ~ ~ u ~ ~ u ~ u ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ u ~ ~ u ~ u ~ ~ ~ ~ONOOAOCI OON NO DON

0 0 0 0 0 0 0 0 w N 0 a 0 0 ru n r Itl Ih 0 0 n r n 0 0 0 N < 0 0 0 0 a 0 0 0 0c ~ ~ ~ ~ u ~ ~ ~ ~ u ~ ~ u u ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ u u u ~ ~ C ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
000000000000000000000000004000040OCI0440000

eeoc ae oee0eaeoee aeaeoeeoeaeaen ru tu n n nl ru n n N nl n n Al nl n n

0 h h vl e e e 0 0 o O o 0 O O e e e e e Ih e a 0 O o O O 0N tu N ru N N N N tu ru ru cu N n n n n n n n


