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I. MATHEMATICS OF SOLUTION

l.O INTROIIUCTIOH

Ovez the past few years, several numerical tidal

hydz'odynamic models have been proposed for the study of

estuarine behavior. Examples aze the two-dimensional

long-save propagation models of Leendertse �!, Reid and

Bodine �!, Masch and Brandes �!, and Mungall and

Matthews �!. Pritchard �! has given an excellent

summary of the mathematical development of the vertically-

averaged equations, and Sobey �! has investigated the

characteristics of several schemes.

The basic approach of Leendertse �! was chosen f' or

the development of the numerical model of' Narragansett Bey

 Fig. 1!, which is a wide, shallow estuarine syatem dam-

inated by tidal effects. The madel had been successful+

applied to a small harbor by Grimsrud �! and has now been

adapted to the Bay with several modifications. The follow-

ing is an explanation of the mathematics of' the solution as

used in the Bay model, along with certain necessary modifi-

cations of the original approach.

The mods1 was developed to provide information con-

cerning the tidal dynamics of the Bay snd the accompanying

currents and flowrates. Verification studies have been

carried out and reported here, and the model will be used

as the basis of a concentration-tz'ansport model for the

study of salinity, temperature, snd biochemical par~ters

in the Bay.



Fig. i. Referen<:e map of Narragansett 8ay.



1.1 THE EQUATIONS OF OPTION

The basic equations for this modeI are the Navier-

Stokes momentum equations, plus conservation of mass,

In Eulerian form, with a right-handed coordinate system

with the z-axis directed upward  Fig. 2a!, the three

momentum equations are

� + � +v~+w � = � � ++f v+bu bu bu bu I
bx Wy bz p %x l.l.l

+ p  ~ + Ppy + ~zs!

bv bv bv , bv+ Up+ vg+w'p~ � p f u+x y z p~y 1.1.2

+ p  $p'x + ~y + ~zz!b~

b. bw bw bw I bnw'"r =--Y-- g' l.l. 3

+ �  ~x + 8y + ~z!bi

~+ � +~~ Oibu bv i?Iw
x by z I I.l

whe re

u x,y, z,t! = velocity in the x-direction

v x, y. z, t! ~ velocity in the y-direction

The conservation of mass equation, assuming incompressible

flow, is



Tl
,I' sdz

-h
1.1.9

1.1.10

so that the horizontal velocities may be expressed es

u U [1 + ~  I!]

v V [1 +  E!]

1.1.11

1.1 ~ 12

Assuming constant atmospheric pressure, small horizontal

stress and that

~ e ~ <c 1u v

integraticn Over Z frOm the bOttOm, -h tO the SurfaCe,

of the horizontal:zomentum equations, along ~1th 1.1.7 snd

1.1. 8, gives

~ + U ~ + V ~ ' ~ - g ~ + fV + +  v � r ! 1.1.13bU bU bU 1

~+V~+V~~- K~- fU+ TI  ~ ~b ] 1'1'1av av bv aq 1
x y y p + Tl sy by

In these equations, ~bi and ~ i represent the bottom andsi

surface stresses, respectively, and a number af terms arising

from the application of the Leibnltz rule, sholem to be small

by Oriaerud �!, have been neglected. Similar integration of



w x,y,z, t!

p x,y, z, t!

p x,y, z!

velocity in the z-direction

pressure

density of' water

Cariolls parameter, 2Q sin q>

shear stress tensor

gravitational acceleration

ij

g

If we make the Boussinesq assumption that vertical

variations in pressure are predominantly the result of

variations in depth, the z-momentum equation �.1.3!

~educes to the hydrostatic equation

=- r~g 1.1.5

Assuming uniform density and integrating from the water

surface. Z = Il. 1.1.5 becomes

p x.y. t! = g [v x.y, t! � z] + p 1.1.F

l.l.v

hp

We now introduce the vertically-averaged velocities,

U and V, where

where p is the pressure at the surface. This expression0

may be used in the momentum equations, where the pressure

gradients become



he conservation  .'!f mass equation yields

g + z- [� + 'll! U] + ~ [ h + ll! V] 0

where the vertical velocity at the surface has been re-

placed by

w z = y! = g

1.1.15

1.1.16

The bottom stresses in the x and y directions may be

approximated b~ the Chesy relationship

1/2

1.1.17t.x C2

1/2

1,1.18b,y

The Chezy coefficient, C, has the form

c = � ' �  z + 1!, jf't /sec]1, l9 r 1/2
N lel.19

The surface s tresses are due to wind and may be

approximated by the quadratic law for turbulent flow:

= X p,IW IW� 1 1.20

k P IWyl Wy 1.1.21

where  h + 7l! is is feet and the Manning friction factor,

N, has units of se /ft 1/a



Since these wind stresses are only applied to vertically-

averaged momentum relations �.1.13, 14!, it follows that

they do not truly model the wind-driven upper layers of' an

estuary. Rather, they cause bulk water movements  U and V!

whose net values should approximate the total movement of'

water in the upper layers. The applications  Chapter 4!

will Illustrate this approximation.

The final diff'erential equations are then

+ V~+V~= - g~+ f'Vzv av av ~v
x y Tx 1.1.22

1/2p.<P.Ia x
P

+U � +V~=- g~- fU>v av av aTI
t 'dx y y 1.1.23

k

~+ ~  HU! + ~  HV! = 0 1.1.24

H=h+Tlwhere 1.1.2$

«here k Is a dimenslonless drag coefficient ~herein taken

as 0.0025 , p is the air density, and W and W are thee X

wind speed components in the x and y directions, respectively.



With the development of' these three equations describing

the fluid motion, 1.1.22, 1.1.23, and 1.1.2'L, we may now

proceed to obtain the necessary finite-difference approxi-

mations.

x = m- � ! gL1
c 2 1.2 ' I

y =  n--! ~L1
c 2 I ~ 2.2

are the coordinates of the center of the grid square. Each

of the variables identified at  m, n! will have a different

spatial position as follows:

l. 2 FINITE-DIFFERENCE EQUATIOM

For the solution of the equations 1.1.22 to 1.1.24,

the approach of L endertse �! will be followed. In that

scheme, the variables U and V are staggered in both space and

time, and a semi-implicit method is used in the solution.

The space-staggered placement of the variables is shown

in Figure 2.b. Pie velocities  U, V! are taken at points

different in space f'rom the point of the water surf'ace  g!.

Consider the grid square, with side nL, denoted by the

coordinate pair  m,n!; then



V = U x + � hL, r !1
m,n c 2 ' ' c

V = V x . y + � aL!1
mn c' 'c 2

h = h x + � hL, y + � RL!1 1
m~n c 2 c 2

C =C x, v!m,n c 'c 1.2.'7

This scheme has the advantage that 9or the variable

operated upon in time there is a centrally located spatial

derivative for the linear term. For example. in the x-

momentum equation �.1.22!, the time-derivative of V is

associated with the spacially centered derivative of water

level  g Pj.
Zn accordance with the semi-implicit method ~see next

section!, the time step is split into two halves, and the

time-derivative taken over the half time step. Thus, for

the function F continuous in space and time, and with the

notation

F  mhL, ndL, t~T! =F
m,n F 2.8

the first forward time derivative is

BF 2 ~ Ft 2  Ft+1/2 Ft
Ft Wh t m,n pT m,n m,n! 1.2.9
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X,Y

pig. 2. Hade l coordinate system  A!, and horizontal placement of
variabies in the space staggered scheme  B!.
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We adopt, the following notation for various convenient

functions of space and time:

2 m+1/2, n m-1/2, n! F +F 1.2.10

�  F1
2 m, n+1/2 m, n-1/2!+ F 1.2. 11m,n

F =  F
x m,n m+1/2,n F 1/2 �!

'm,n-l/2!

F 1 !

1.2.12

F =  Fy m,n m,n+1/2 1.2.13

= �  F
x m,n 2 m+1,n 1.2.14

6F = �  F
y m,n 2 m,n+1 1 ~ 2.15

F =  F +Fm, n 7 m+1/2, n+1/2 m-1/2, n+1/2 1.2.15

t F m+1/2. n-1/2 m-1/2, n-1/2+ F !

The momentum and conservation of mass equations may then be

transformed to finite-dit'ference equations  six equations

result, three for each half of the time step!, and solved

,or the new value in time. The equations are given in

Appendix A. The solution method will be discussed in the

next section.
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1.3 METHOD OF SO!,UTION

The solution of Zquations A.l to A.C  Appendix A! is

called by Leenier;se �! a "multi-operation" method, which

is a modifies:l.on of the leap-.rog" method, ln the first

half time step, values of U and 7 are computed implicitl r

along a grid row in the x-direction a. the time  t+1/2!

Then V is computed at the same time 3.evel expli<'.i.�ly. In

the second hal" t' me step, V and <i are computed implicitly

at  i+1! hT along grid rows in the y-direction, after which

U is calculated explicitly at  t+1!

In the first half of the time step. the time derivative

of U in the x-momentum equation is approximated hy a back-

ward differenc<!:

 V +1 '! -- 2  U 1 - V ! = f   + 2! 1.3,1

In the second half time step, a forward difference is used:

 Ut+1 ! '  Ut+1 Ut+1/2 ! f   t+1/2 !
<< T

=<n<<< IBU U � U 1+I /2

This composite ~elation defines the leap- rog method.

The set of difference equations for the implicit time

step on U and:i msy be written as

Thus, over e full time step, the time derivative is a central

difference with respect to the water level:
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[2]  me+1/2 '.el/2r,  C! 1. 3m 4

mher; A is

be solved by

a .ridiagonal matrix. Eau2r t.ion 1.3.4 may then

"sci;sinn lrmrnsslcn [.ee 're cnell   r! r'cr
f.he new valueS O= U and  I rrt  t+1/2! ~ Aexemple for

similar procedure is used for. she second implicit operation

involving v and r at time  .+l!. The details are given in

App end lx b.

l. '-' 8'eABTLlTY

rse x! = 7 A e,IiB,x
1 ~ 4 ~ 1

, or all spatial frequencies, P ., where B is real. For

lines r equations, only one f requency need be examined.

At the end of the time step, the error may be expressed aa

E  ! A iBx ah'f

An extensi~e analytical treatment of stability has been

given by Leendertse �!, and the reader is referred to 'hat

original exposition f' or details. Only a brief outline of

the apprOrreh will be preSented here.

'he .orm of investigation of the stability is that

inf.roduced by von Heumann  see 8!, which assumes a Fourier

expansion of a line of errors propagating over time.

Consider the harmonic decomposition of error, E x!, as



14

.here a = a  f3! is, in general, complex. The von Neumann

criterion for stability is that

1. 4.2

Leendertse  l! has determined analytically that the

multloperation method is unconditionally stable for the

linear simplificstions of the momentum and mass equations,

which are  for the x-direction!

~+g � = 0 l. ~4. g

hU� +h � =0
ex 1.4.4

Numerical experiments �,6! are used to establish the

stability of the full equations 1.1.22-2~i where exact

analysis is not available.

The consequence of these . tudies is that the present

method is stable for any size time step, hT, for regions of

uniform geometry. However, for modeled regions with the

irregular geometry that often occurs in nature, stability

is not guaranteed, The situation may be remedied by

reducing the time step or grid size, or by s~oothing the

bottom contours to eliminate steep depth gradients.

It should also be noted that the total water depth

must remain positive at all times, the most critical time

being low ~ster. This trouble frecuently arises in

shallow grids near land boundaries. and care should be



tsken in the selection of depths at these locations, even

to the extent, of introducing some distortion of the

ba thymet ry.

l,5 BOUNDARY CONDITIONS

Two different types of external grid interfaces, or

boundaries, are possible in the numerical model: a water-

water or water-land interface. At the first, either the

water level, 1. or one velocity component  V or V! must

be specified. At the second, the appropriate normal

velocity component is zero.

A difficulty is encountered when the spatial

derivatives 6" and 6" �.2.10, 1.2.1~! in the convective
x y

terms are applied in a grid with e land boundary. At least

one velocity component will lie outside the field of

computation. Leendertse overcomes the pmblem by dropping

the convective term in the momentum equation. Although

this procedure produces an inaccuracy in the numerical

results, it preserves stability �!.

1. 6 GRID IDENTIFICATION

The method of solution involves solving for the

dependent variables along a grid row. Therefore, each

w in the x and y directions is described by a row

identification number. Three type~ of gird squares occur

in the field: land, water, and water-boundary grids.
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The identification number gives the m  or n! values of

the end  first and last! water grids in the row, and

indicates the type of the grid adjacent  and in the same

row! to the end grids. If an end grid is ad!scent to e

land grid, the normal velocity there will be zero; if ad-

Jacent to a water-boundary grid, a ~ster level or velocity

'boundary condition will be searched for. In no case will

the adJacent grlds be water grids.
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IZ ~ APPLICA"'ION TO NARRAGANSET BAY

2 ~ 0 1 NT RODUC T ION

Now tha' the fundamentals of the numerical solution

me..hod have > een investigated, the model may be applied

to the specific case ot Narragansett Bay. This entails

the ~electio. of the grid net which describes the Bay

geography, sr d select1on of the time step. Depth and

Chezy coerficient data must be introduced. The boundary

conditions mist be pre, cribed as continuous time functions.

The following . ections outline the procedures involved.

c ~ 1 GRID NET SELECTION

Few, if any. guidelines exist for the selection of

ar optimum grid system for a water body, especially one

with complicated geography like Narragansett Bay. The

first ..tep taken however, was the choice of the water

'boundarie . The area of the Bay to be modeled is

bounded on the south by Rhode Island Sound, on the east

by the entrance of Mt. rIope 3ay, and the north at the

narrow1ng of the Seekonk River. This area represents

about two-thirds of the entire Bay. The portion excluded,

Mt. Hope Bay and the Sakonnet, River, comprises another

estuarine system, and is geomorphically connected to the

main part of the Bay by a narrow passage.
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Secondly, the computation scheme imposes a lower

limit of two grids per row in the field. Thus the narrowest

channel must b» at least two grids wide. These critical

areas occur in the lower Bsy, in the East and West

Passages, and in the upper Bay in the Providence River

 Fig. 1!. Therefore, a grid length of one-half nautical

mile was chosen. The resulting grid net  Fig. 3! consists

of. 321k water and water-boundary grids within the

rectangular �9 by ~IB! field. The x-axis is 10.1 degrees

to the right o the true north direction for more

accurate representation of the coastline geometry.

2.2 TIhK STEP SELECTIOS

One prope~ ty of the implicit solution method is the

unconditional numerical stability, regardless of time

step. However, the size of the time step has an effect

on the accuracy of the solution.

Leendertse �! has shown that the solution hss high

accuracy when

2 ' 2.1

is of the orde> of five or less, where h is the maximum

depth of water. Hence, the factor ggh is the maximum
long-wave celerity. For a maximum depth of 152 feet

and a bL of 30-I8 feet, a hT of 220 seconds would give a
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I value of 4.91. Therefore, a time step of this sise or

less insures good accuracy, especially since the average

depth of the Bsy is only 30 feet.

2. 3 SPECIFICA".IDN OF DEPTHS

Bathometr. c variations are accounted for in the depth

specification st each grid square. In accordance with

the placement, of variab1es within the grid  Fig. 2b!

the depth in the corner of the grid at  x + 2 bL,1

y + � aL! is entered as data for all grids in the1
c 2

computation field. The number entered is the actual

depth at. mean sea level at that point on the grid, and

not the average depth over the grid square. Depths may

also be enterec at grid squares outside the computation

field, such as those ad!scent to water grids.

General ir..formation on the bathymetry was obtained

<rom the U.S. Coast and Geodetic Survey Chart No. 353,

which gives depths at, mean low water. It should be noted

that while suck charts are useful, certain small-scale

fest,ures may not be evident from them. For certain

critical locations, therefore, depth surveys would be

quite useful- These were carried out in the West Passage

st the Jamestown Bridge and at the Mt. Hope Bridge.
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2. 4 CHEZY CCKFFZC EENTS

The effects of' bottom friction are introduced through

the Chezy cost'ficient.

l. 1i 1/6c =~  c+ ~! 1.1.19

a linear function of m, the model grid row number:

v m! = N [1.3 � 0.6m/max]

The dependence on  ! makes C a time-varying function.

However, since the water level, 7:, is usually much

smaller than the depth, h, at mean sea level, its in-

fluence is small. This was borne out by a model study

of tidal flo» in which the Chezy coefficient was computed

each half-hour; in no case was the maximum variation more

than ten percent. Values of C are computed at the start

of each run  for 71 = 0!, and are not changed afterward.

The selection of the Manning factor  N! Poses

a somewhat more difficult problem, due to the lack of

extensive studies of rivers and bays. Masch and Brandes

�!, for example, use values between 0.018 and 0 ~ 054,

which corresponds to "rubble set in cement ' and "natural

river channels: winding, with pools and shoals,"

respectively, in a table given by Henderson  9!. The

essential con" ept is bottom roughness, which varies

considerably in an area as large es Narragansett Bay.

For approximation, then. the Manning factor was taken as



22

which varies from 1.3 N in the Providence River to 0.7
svg

N at the mouth of the Bay. The average value, N
avg avg

was determined from comparisons of predicted and observed

velocities, and was taken as .020. It is expected that

further model testing and bottom surveys may change this

representation.

2+5 THE RHODE ISLAKD SOUND BOUNDARY

The primary driving force at the mouth of Narrangansett

Bay is the astronomical tide, and thus is entered as a

water level boundary condition at the location, grids

m = 48, n = 8, 9, 11, 12, 13  Pig. 3; Fig. 4!. Other

types of boundary conditions are used in the model, and

these will also be discussed.

The Coast and Geodetic Survey regularly collects and

analyzes tidal 'levations at several locations around the

Bay. The primary stations are at Newport, BQ stol, and

Providence, snd the data obtained from them is the

amplitude and phase angle of the twenty or so largest

tidal constituents �0!. A number of secondary stations

have been occupied, and the times of high and low water

relative to Newport are given for them in Reference 11.

The tidal 'orcing function may be represented 'by the

sum of several :;inusoidally varying terms, each with a

unique amplitude, angular speed, and phase angle �2!.
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Geography of Narragansett Bay at Rhode Island Sound boundary
 A!, and bathymetry of section A-A  B!.



The phase angl » is taken relative to Greenwhich, E'ngland;

the amplitude is modified 'by a function of lunar position,

 f !. The equation for the water le,el, ", is

2. 5.17 t! =  f  t! H cos i t, +  ',' +u! -k11 n ' n o n n

where for each constituent, n,

f  t! = amplitude factor depending on the position

of the moon's line of nodes

H = amplitude of the constituent

C angular speed  degrees per hour! ofn

the constituent

V + u = value of the equilibrium argument «hen t = G0

k = epoch  angular phase difference from

Greenwich!

time  hours! from reference time

The value»: of H, H, and k are calculated for each0

tide station. The angular speed  ~ !, lunar node function

  f ! and equilibrium argument   V + u! can be calculatedn 0

f rom knowledge of astronomical motions, end are tahu3 a ted

in Reference 12. A more detailed 6e, c rip .'or. is f.,-en

the descriptior of the subroutine KURIH.

The tide st the lower boundary is calculated at each

of the end grids  m = 4P, m = P, 13!,, ar equation of

the form 2.5.1, The tide at the intermedia.e grid@ is

obtained by lir.oar interpolat,ion. The amplitude and



l. +idsl inpu, The astroromical tidal function

a.s described above, is used

or »ster le;el.

:$o tide ariations of water

le'el oceur."-

2, zero t.i de

x .repolated water le; el

The boundary water level is

extrapolated from the interior

field.

ext.rapolated ~elocity

The velocity is extrapolated

~rom the flow in the interior

ield.

The water le rel corresponding to

hurricane surge at the mouth of

t' he 'bay is entered.

surge

surge plus ,ide The sum of 1 and '5 is used.

.hese six conditions provide quite a measure of

epoch of each constituent »as originally obtained from

analysis of their values at the three other stations. The

alues are nos being modified by data obtained from the

Ocean Engineering Department Whale Rock tide gauge.

Se..eral alber types of boundary conditions are included

in the model, and are used in variOus tests and experiments.

At. preren~,",2.< different conditions are possible'.
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flexibility to the model application. Their usage is

described in the next two chapters.

2. 6 PROVIDZNC E RIVER BOUNDARIES

The boundaries in the northern part of the Bay

represent river entrances, and velocity boundary conditions

are used to model them. Providence Harbor is the

confluence of several rivers; and further down the Bay

the Pawtuxet River joins the Providence River  Fig. g!.

Several smaller rivers also flow into the Bay, but their

discharges are relatively small and have been neglected.

The total volumetric flowrate from the Blackstone-

Seekonk, Moshassuck, and Woonasquatucket Rivers is entered

at boundary grid m = l, n - 3, 4 to simplify the model

grid in that, region. The mean annual flow rate, about

890 c. f.s. including discharge from the City of Provider ce,

is fairly small compared to tidal flowrate, but local tidal

velocities computed by the model are significant in the

adjacent area.

The daily average flowrate may either be obtained

from surface water records �3! or estimated from the

ratio of monthly to yearly mean discharges  Fig. 6!.

The Pawtuxet River boundary  m ~ lO, 11; n = 4! is

handled in the same manner as the Providence Harbor

boundary.
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Fig. 5. Geography of Narragansett Bay near the Providence River.
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MONTM

Fig. 6. Monthl-r variations in discharge for local rivers.
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2.7 THE KT. HGPE BOUX3ARY

The boer~dary at the entrance to Mt. Hope Bay probably
is the most f'ifficult to model accurately. The local

geography  I'3g. 7! does not permit the use of the Bristol

Hs rbor t ide s s a water level boundary condition, so the

tidal velocity, based upon the volumetric flowrate, is
U !ed ~

The total flow under the Mt. Hope Bridge is determined

by tidal differences, r ive r di sc ha rge, and wind e f f'ec t s.

The tidal flo~ results from water le "el variations

between the Bay proper and Mt. Hope Bay, which itse3f is

connected to Mode Island Sound through the Sakonnet River.

Also, a certain fraction of the fresh water discharge into
the Mt. Hope Bay, primarily from the Taunton River  mean
annual fiowra',e: 660 c.f'.s.!, passes under the bridge.

Local winds may contribute to daily variations in the f'low,
but they are neglected since no data on wind currents are
available.

The earliest available measurements of the flow under

the bridge are reported by Height �4!, which made use of

a 7-foot pole and three current meters on August 7 and 8,
1930. Recent measurements  August 5 and 18, 1971! were
taken by using several poles spaced across the section under

the bridge. T~e general approach of analyzing the data

used by Haight was applied to the newer observations.
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Geography of Narragansett Bay near the Mount Hope boundary
 A!, and bathynetry at the Mount Hope Bridge  B!,
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Due to the nature of the Bay geometry, Haight �4!

showed that the currents due to the lunar  Y~, M4, and
Q! constituents of the tide accounted for most of the

observed current. The flowrate can then be approximated

3

q = Z qk c s i ~12  t - .k	f 2~rk

k~1
2.7.1

where q is th' flowrate, and v the time to first flood

after high water. The flowrate was deduced from the 1930

data by integrating the velocity over the depth, and

multiplying by a weighted area under the bridge  90,600

ft !. The flowrates for the other observations were2

calculated by summing the products of the pole velocity

and the incremental area; the resultant values were ad!ust-

ed for the tidal range and smoothed. A weighted average

was then analyzed by least squares, using an equation

similar to 2.r'.l. The results are shown in Table 2.7.1,

«nd in Figure 8. The tidal velocity is obtained by dividing

the flowrate, q, by the area at the boundary.

The portion of the Taunton M.ver discharge passing

under the bridge is obtained from Hicks,  lg!, who

estimated the river outflow from the ebb flowrates through

each Hag passage. The value used here is 72 percent of the

annual mean flow or 475 c.f.s.
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TABLE 2.7.1 Lunar Constituent Analysis af Flow

Under Mt. Hope Bridge

k Lunar Period Time to Current q~ �0 cfs!3
Consti..-  h�! T first floo d
uent w  hrs. !

9.87 I. 12 150.5

6.29 0.29 33.2

35.43 ~ 32

1 M

2

M6

12.42

6.21
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III. HODEL DYNAKLC RESPONSE CHARACTERISTICS

3.0 INTRODUCTION

It is helpful to know how the model will respond

under a variety of input conditions, so that the relative

influence of parameters may be assessed. Since the two-

dimensional equations are non-linear, an analytic

sensitivity analysis is quite difficult. Leendertse �!,

for example, discussed only the simplified momemtum

equation with linear damping and the continuity equation

with constant depth

~+g~+ku = 0au
ax 3.0.1

~+h~ 0au v 3.0.2

Therefore, a series of numerical experiments were

carried out, using the computer model of Narragansett Bay

for the hydraulic system. Two parameters were the subject

Of investigatiOn: the time step and the Chezy friction

factor. These were varied, along with several types of

boundary conditions. As a result, insight into the

computed solution was gained, and its dependence upon the

input explored.

No experiments involving variable grid size or bathy-



3.1 PROPERTIES OF THE NUMERICAL SOLUTION

The computed solution may be examined in a manner

similar to that used in the error analysis. Following

Sobey �!. we consider the following set of linear

equations:

r~+gmx=O
Su ag

3.l.l

>v ZITI� +g � =Q
ht Qy 3.1.2

� +h   � + � ! =0GATI hu 5v
et sx sy 313

The Fourier series zepresentation of the solution is

iF =ZF e  8 t+a x+c y!
m ml 3.1. 0

where the vector F is

z= f!
'Tl

3.1.5

end 8 and e are the real wave time frequency and wavem
th

number of the m component, respectively. The substit-

ution of 3.1.'4 into 3.1.1 to 3.l.3 leads to

metry were urdez'taken. The grid net was considered accept-

able on the Vasis of computer-imposed limitations. The

geography of the Bay is essentially constant, that, is,

the bottom ls not subject to variations during a tidal

cycle, and nc important shoreline changes occur.
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A  P,<,c !F=o

where A is the amplification matrix. Since 3.1.1 to

3.1.3 are linear, only one component need be examined.

Par the difference equation equivalents of 3.l.l to

3,1. 3, the solution is

7 = P exg[1�'n 6T + e g dx + a k lly!]1 1

3. 1.6

3.1.7

which yields the computed wave amplifications matrix from

which 1' is solved. The computed wave number, l3', is

such that Re P'! is the computed wave frequency, and

Im f3'! is a measure of the computed wave deformation.

Sobey shows that essentially zero def'ormation results

in Leendertse's scheme f' or

Tr JghAT /

and negligible frequency distortion for a tidal wavelength

to grid length ratio above l00. Leendertse �! shows

that, when linear damping is added  as in 3.0.1!, the

computed velocity and tidal amplitudes approach unity

frOm abOVe f' Or deCreeaing time Step. His cOrreapOnding

frequency results are similar to those of' Sobey. However,

the amplitude distortion is a function of tidal wave-

length, so one can expect different amounts of' distortion

f' or different tidal constituents. This effect may be

important in Narragansett Bay, where it was shown  section
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2.7! that the M2, Mh, and g lunar constituents of currents

are large.

The tidal wavelength may be estimated by standing

wave relatior.ship �7!

where k is the tidal wave number, and jp. the length of

the Bay. Data from Narragansett Bay �0! indicate that

the tiaal wavelength is of the order of 200 n.m. The

half nautical mile grid length should therefore give

adequate spatial resolution.

3 2 FREE OSCZLLKTZON EXPERIMENTS

In this series of experiments, a linear tide was

imposed upon the Bay  zero tide at the mouth and two to

three feet *t PrOVidenCe Harbor!, and then aLLOwed tO

oscillate freely with a zero tide at the mouth. Experi-

ments involving changes in the time step and the Chezy

coefficient were conducted.

The time step was varied from 1.$ to 12,0 minutes, and

the current and water level at a specific grid  M 17,

N = 9! were examLned. The Chezy coefficient was held

COnatant thrO>ghcut the Bay, AS eXpected, the Water leVel

and velocity appeared as a damped oscillation  Fig, 9!,

It waa fOund that far the firat 300 time stepa, the
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amplitude de<.resse would be approximated by

Tlt -ii t
n 0 3.2.l

A value of 5.72 hours was computed by Height �4!, who

used the rectangular estuary approximation �7!

T = 4ik/ Qgw

for the fundamental period. He used a bay length � !

of 24 n.m., and a depth  h! of 25 feet. More realistic

3o 2 42

values for length and depth can be taken; for example>
JL= 22 n.m.  mouth to Providence Harbor! and h 30 feet,

Where t is the t,ime in minutes Snd u is a damping faCtar.

The damping factor was found to be a function of time

step sise, bT. The values obtained are shown in Figure 10a

and indicate that distortion increases greatly for aT

above four minutes.

The phase distortion  Fig. 8! became extreme for sT

larger than six minutes, although there appears to be

only small amplitude distortion. The results for the

velocity solution are similar: the amplitude af the

first peak decreased by two percent when the time step

was increased from 1.5 to 6.0 minutes.

One interesting result is the length of the natural

period of the oscillation. With decreasing time step,

the period approached a value of about 4.8 hours  Fig. 10b!.
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representation  .q. 3 i 2. 1!

0.075 min ~, an interval
with a damping factor of

of about 02 hours is necessary

for water level to damp to two percent of its initial

value.

FORCED 03CZ!XATiON EXPERIMENTS

Another ;eries of experiments involved dynamic

boundary conditions, usually a tidal variation. The

primary obgec '. o.'- there tests was the determination of

the optimum init' al conditions of water level and velocity

to be used in predictive model studies. The previously

found running time for the elimination of transients of

h2 hours  three and one-half' tidal cycles! is only an

fives a per icd of 'k.73 hours. Thus the period obtained by

the model is quite reasonable.

Another series of free oscillation experiments were

conducted varying only the Chezy coefficient  through a

variable Manning factor, N!. The results are shown in

Fig. 11. As expected, the velocity magnitude was a

strong function of N. The amplitude of the first peak

for N = 0.015 is about 60 percent greater than the amplitude

for N = O.O~IO. Note that the phase shows very little

variation over t~is range of N.

One application of these results is the calculation

of the time required for transients to damp down to

arbitrarily small values. Using the exponential damping
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0 Z 0 O
Fig. ll. Variation of computed free-oscillation velocity with Manning

factor N.
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approximatior, since 3.2.1 may not. apply for large times.

The first case of interest was the application of

the tidal forcing function to the Bay completely at rest

 U = V = Tl = 0!. The results  Fig. 12! bear out our

intuition that this is a poor initial condition. Transients

in the Newport tide persisted for at. least two full tidal

cycles, Another case, using a linear tide, also gave

similar results.

A more interesting initial condition was a  U, V,T]!

field obtained from a long-time computation with the

values stored on punched cards after transients were

eliminated. The Bay is essentially in a fully dynamic

state for this condition. When the model was started at

a random time, the phase mismatch produced smal1-scale

oscillations  Fig. 13a! ..imilar to those found in the

static case   ig. 12!. However, when the model was

started in phase with the  U, V, 0! data field, the improve-

ment was remarkable. Transients were not evident after

one full tida cycle. Thus it is recommended that such

an in-phase dynamic starting condition be used for

predictive model runs.  . ig. 131.!

3.4 FLOWRATE EXEERIMENTS

The above-ment,ioned experiments and analysis of the

computed solution give insight into the nature and effects
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of various parameters on the solution. Their influence

was tested in the calculation of the flow past a vertical

section of the Bay.

The flowrate is computed by summing the products of

the area and the velocity for each grid across the section.

At the Jamestown Bridge, the flowrate is computed by

h + h + T + u

for m = 38  Fig. 14!. Both the time step and Manning

factor were varied.

The effect of the time step is seen. in Figure 15a.

The magnitude of the flowrate is a function of the time

step and decreases with decreasing time step, as stated by

Leendertse �!. However, the effect is not linear, that

is, the cur.es also vary in shape. This can likely be

attrib uted to the differential effect on each tidal

constituent. The ebb peak decreases by five precent

when T decreases from 3.0 to 1.5 minutes, which is a

relatively small difference  a dT of F.O minutes has

been, fudged too large because of its effect on the

damping factor!.

The in "luence of the Manning factor N. is seen in

Figure lych, The magnitude and shape are both dependent

upon N. whiCh was erpected. The Change Of N frcm 0.025

to 0.020 increases the ebb peak by about ten percent,
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6400

Fig. 14 Geography of lower Narragansett Bay showing the positions of
the data stations used in the veri fication studies  A!, and
bathymetry at the Jamestown Bridge  B! .
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but has orQy a s!nail effect on the shape  N = 0.040 is

fudged too large based on comparisons with observations

Chapter 4!.
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IV. ffODEI VERIFICATION AND APPLICATIONS

'I .0 INTRODUCTION

At this phase of. model development, the physical

grid has been selected, and insight into the dynamic

response characteristics of' the model hes been gained.

It now remains to compare hydraulic quantities computed

by the mod 1 with those measured in the field. The

pzimery quantities are water levels and curzent

velocities, Secondary quantities such as flowrates

end particle paths are also useful in the verif'ication

studies.

When t' he comparison is unfavorable, an attempt is

made to isolate the factors contzibuting to the dis-

crepancy. bfodi.ications, if necessary, are introduced

to the model. As the number of data sets used f' oz

comparison increases. a series of' such modifications

will eventually lead to realistic modeling, and greater

understanding of the limits of' the model. It is obvious

that e large number of data sets representing s variety

of conditions and parameters is necessary for this

process.

Several applications of' the model aze included to

indicate the potential usage of the numerical approach.

It is believed *hat the model has great potential fOr

many areas of investigation.
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4.1 COMPUTED WATER LZVELS

The compxted water level, ~. in the East. Passage is

rather easily checked against .he tide as measured by the

U.S. Navy at the Newport tide gauge  Fig. 4!. The data

for several days in March, 1972, was obtained �8! and

checked against �.he computed water level  Fig. 1F~!. The

Newport tide Ls plotted as the deviation from the mean of

the two days modi!led. The mean was 'i51 cm, or 69 cm above

the datum  mean 'ow water!. This is about 19 cm larger

than the historical mean,' the difference is probably due

to a number o'. rainstorms which occurred in that week.

These storms may also account. fo. the small variations

between the computed and observed tides.

The tides for this period were also checked against

the historica.. tides at Newport, Bristol, snd Providence

 see Section l!.5!, which are generated by s series ot'

the form of Eq. c'.5.1. The results  Fig. 16! show that

the computed curves are very similar to the historical,

especially at the Newport station. The computed tide at

the Bristol arid Providence stations is somewhat larger

than the historical, although like the Newport curves,

they are very clcse in phase. The differences are likely

due to inadequate representation of friction, and in the

fact that these two stations are located in areas of the

Bay with locally complicated geometry.
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puted by the model  A!; and comparison of historical and com-
puted tide at the Newport  top!, Bristol  middle!, and Provi-
dence  bottom! stations  B! .



4.2 COKPUTEl VELOCITIES AND FLOWRATES

A number of current velocity observations were used

to verify the model. These include near-surface and near-

bottom current meter data, and drifting pole data. The

observations were in the lower bay in the East and West

Pss sage s.

Currents in the West Passage were studied by Stuzges

and Weisberg �9!, who used a string of Savoniaus rotor-

type meters anchored to the bottom. The madel-predicted

velocity  averaged at n = 8, m = 36 and 37! is plotted

against the surface snd bottom currents f' or the period

studied  Fig. 17a!.  The observed values are two meters

above the bottom and two meters below the mean surface! ~

he model velocities seem to follow the phase of the

near-bottom current and the amplitude of the near-surface

current. The phase difference between the two is probably

due to the effec ts of viscosity  see Lamb �0!!. In several

cases, the near-surface velocity is 50 percent greater than

the near-bott>m relocity, a fact which must be taken into

account when reducing data from pole-type current measure-

ments. The nme mus small-scale variations may be due to

wind effects, which were not included in this model run.

Another type of velocity observatio~ was made with

drifting pole- �5 and 21! in connection with a geo-

magnetic elecI;rokinetograph  GEE! feasibility study �2!.
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Xn that investigation, several poles were allowed to

drift with the current under the Jamestown Bridge, and

the total rate of flOW waS calculated �1!. The computed

flowrate  Fig. 17b! is generally less than the observed;

the relationship between the pole velocity and the average

velocity over the entire vertical section is difficult to

assess, since the velocity varies with the depth. A

hfarine Research, Inc. study �3! established that the

average velocity over the whole depth �g feet! was about

93 percent of the velocity measured in the top 45 feet,

during the ebb. At present, little is known about the

variatiOns during the flood.

The last series of observations �0! were made by

E. Levine in the East Passage with a Savonious rotor-type

meter, mounted at eight feet from the bottom in 42 feet

of water near the Newport tide gauge  Fig. 14! ~ The

computed velocity  average at n = 14, rrr 38 and 39!

compares favorably with the observed  Fig. 17c!, although

not quite as well as in the West Passage. The computed

ebb is again greater than that observed, but the

computed flood is less. The first flood is larger

than the first, a feature not seen in the bottom

current.
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il. 3 APPLICATXOK- 'NON-TIDAL FLOW

The numerical model provides an unique opportunity

to study mean flow patterns of river discharge. In this

study, a constant flowrate of 1000 c.f.s. was introduced

at the Providence River; other river inputs and tidal

variations were suppressed. The resultant current

vectors  Fig. 1Rs! indicate that the Coriolis acceleration

is important in determining the direction of the flow. The

current tends toward the rightward shore in the narrow

passages. Of particular interest is the counter clockwise

circulation in Greenwich Bsy,. and the circulation around

Hog Island neer Bristol Harbor.

.he total net flow past several sections was also

calculated  Fig. 18b!. About two-thirds of the water

moved rightward from the Providence River into the upper

West Passage, apparently under the influence of the

Coriolis acceleration. A sizable fraction, however, flowed

back into the East Passage gust south of Prudence Island;

as a consequence, the net flow out of the bay was greater

in the East Passages

The proportions of the net flow entering each

channel compare favorably with those obtained by Hicks �6!,

when the Taunton River contribution is eliminated. His

estimate of 74 percent leaving the East Passage is higher

than both the value obtained in this study �0 percent!
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Predicted non-tidal current vectors for a Providence River
discharge of 1DO c.f.s. Inset: predicted flowrates  c,f.s.!
through each passage  those estimated by Hicks are shown in
parent>eses!.



and the value from the tidal flawrate study  following

section! of 71 percent.

A simulatiOn invalving Only TauntOn Hiver disCharge

proved to be unstable; water entering eastward at the

Mt. Hope Bridge tends northward due to Coriolis force,

but must eventually turn southward to leave the Bay. The

computed solution indicated that neither of these tenden-

cies were dominant. so that a steady flow regime was not

established.

4. 4 APPLICATION: EAST AND WEST PASSAGE FLOWRATES

Another rather simple model task is the estimation

of flowrates past any section in the Bay. This type of

information is useful for many application: a biological

model of a segrrent of the estuary is one example.

Flowrates are comprrted at each time step by an

equation similar to 3.5.1 for the Jamestown Bridge. The

Newport section in the East, Passage wa., taken at m = 3A,

n = 12, 13, and 1». The maximum rate of flow in .he East

Passage was found to 'be about 2.4 times the West Passage

flow during both e'bb and flood  Fig. 19!. The total

flow in the flood and ebb portions  flowrate integrated

over time between successive slack waters! was greater

in the East Passage by a factor of' 2.3 in the e'bb and

2.48 in the flood. The average volume entering and

leaving in each tidal cycle was 13.97 billion cubic feet.
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This is probably due to the nearly uniform range of the

tide at th5.6 time  . ig 16!. As noted before, the computed

re=,ult, sho., that 71 percent o" the total volume of. water

entering and leaving Narragansett 3ay during a tidal cycle

makes it, ,hrough the East Passage.

APPLICATION: CURRENT VECTORS AND TIDAL CO-RANGE LINES

The numerical solution of he tide and current. is

readily available for inspection at specific locations as

well as for .he entire bay. The area chosen was the West

Passage ad,iacent to Wickford Harbor  Fig. l! which has

interest because of a proposed nuclear power plant at

nearby Rome Point.

Local tide and currents were taken from a simulation

of the time around the first high water. Before H.W� the

tide is increasing up the Bay, being 1.35 feet at the mouth

and increasing to l.70 feet north of Conanicut Island.

 Fig. 20 !. The current is in the flood stage and is

northward  into the Bay!.

At, four minutes after H.W., the tide is 1.39 feet at

the mouth and ebbing. The tide north of Conanicut Island

is now about 1.80 feet. The current is now beginning to

ebb, except in the deep center section of the West

Passage, where it is still in the flood stage. This is

consi. tent with the results of Jones �1! and Krabach �2!,
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Predicted co-range lines  left column!, aud current vectors
 right col<mtn! in a portion of the west passage adjacent to
Wickford H rbor. The times relative to Newport high water
are 28 sunutes before  top!, 4 minutes after  addle!, and
32 minutes after  bottom!.



62

who found the near-shore shallow water reversing sooner

than the central deep water.

Thirty-two minutes after H. W. the current is uniformly

ebbing. The tide is interesting because it is now near

its maximum at Wickford Harbor, gunite e bit later than the

Newport H.W. Zt is possible that Coriolis acceleration

causes water to pile up in the harbor in the presence of

the southward flowing current.

Current vectors for November 8, lg70, in the same

region  Fig. 21! shaws an even more complex pattern, The

current is f'looding near the shore, but ebbing in the

center of the channel. A clockwise circulation near the

harbOr ie evident, lending suppOrt tO the observed eddy

structure proposed by Polgar �4! and Marine Research,

Inc. �3! .

4 ~ 6 APPIZCATION: HURRICANE SURGE

One of the more interesting applications of the tidal

model is the simulation of hurricane surge. The

devastatian caused by the hurricane of' 1938 has initiated

extensive study of Narragansett Bay physical oceanography,

primarily for the effects af a proposed hurricane barrier

prefect �5!. Wind setup has also been studied at

Narragansett Pier �6!.



predicted current vectors in a portion of the west passage
adjacent to Wickford Harbor at 70 minutes before low water
at Newport. Note reverse flow in the shallow near-shore
water, and clockwise motion east of Wick ford Harbor.
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For the purposes of this preliminary investigation.,

a hurri. cane will be modeled Prom available data on the

storm of September I><. 15, 19><4 �7, 28 ~ 29! . That storm.

with maximum winds of 90 mph, moved northeast over the

Atlantic coast, end passed directly over the Bay, causing

tides 9.9 fee+, higher than normal at Providence. The

storm had a radius of about 200 n.m., and t,raveled at an

average rate of 30 kts. The observed high water occurred

as the storm crossed the Bsy.

According to Bodine �0!, the total surge at an open

coast has several components. That is

4.6.1ST=S +S +D~ +ST x y ~p w

where the total surge above the tidal effects, ST, i.s the

sum Of the x- and y-components Of wind setup,  S, S !,x' y'

the atmospheric pressure setup  S !, and the breaking wave
sp

setup  S !. In addition, the local wind effects over the
W

Bay will contribute to the total surge at any location

in the Bay. The model may be used to predict water

levels if tl e surge at the mouth and the wind distribution

over the Bay are given as input.

The total problem is quite complex, due to the time-

dependence of the inputs, and the effects of the contin-

ental shelf on the surge. For this reason, several

assumptions will be made in the formulation of the inputs,
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and these wi'l.l be mentioned in the development. Xt should

also be noted that this study does not attempt to be the

final word in surge modeling, but an engineering approach

with emphesi:; ari obtaining a practical solution. The

results shaw that many of the simplifications are realistic.

The win<1 distribution over a section of the hurricane

parallel to .he direction of propagation and through the

location of rmximum wind speed was taken from data on the

storm given by Vilson �7!. The analytic expression

4.o-2H = 90 exp -0.2IT � T
H eye

where T is the time the eye of the storm intersects theeye

coastline, is a good approximation to the wind at 1800 and

2200 E.S.T. an September 14,  the storm passed directly

over the Bay at abaut 2340 EST!  Fig. 22a!.

The wine direction changes as the storm approaches

the coast, blowing first to the west, then swinging araund

to the east as the storm passes. For' the coardinate system

with XH northward and YH westward  Fig. 23! the wind
direction, 91, fram the x-axis was taken to be

9 20' + : ~ 90'I l-exp -.023!T-T IV -A
1 H eye p Hurr

where

CH=1, T< T
eye

=-1, T> T
eye
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Fig. 22. Comparison of data and analytic representation for hurricane
wind speed  A!, wind direction  B!, and coastal surge  C!.



pig. 23. Geography of offshore region used in hurricane study and
coordinato system for approaching storm,



AN ls the angle to the right of north at which theHurr

storm approaches and V is he propagation speed of the
p

hurricane. This expression was obtained from data used

by Bodine �0!  Fig. 22b!. Now the coordinate system for

the Bay is inclined about, 10.1'> to the right of' North

and the x- and y-directions in the model will then be

WX= -W Sin e
H 2 4.6.4

WY = -WH cos 92

e = 90' - 10.14' � e2 ' 1whe re 4.6,6

The surge at the coast due to wind setup is a

dynamic problem extensively treated by Bodine �8! ~ The

perpendicular components, S, will be calculated in ax

simple fashion. The surge due to a constant Wnd of

magnitude U is given by ppen �7! as

F. U' E hl
s!hl x

4.6.7

U =  '  U U�d
0

4.6.8

The integral is evaluated in Ref. 31. For the region gust

 Fig. 24a! far the CaSe Of depth inCreaaing linearly frOm

h at the coast to hl at a distance l . The coefficient,
-6

is usually taken as 3.0 X 10 . For variable wind speed,

U may be replaced �7! by its equivalent:
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off Narragansett. Bay, X = 70 n.m., h = i-0 ft. hi = 270 f't
 Fig. 24b! arid for ! U! U maximum of  90 mph!, we have2

X

4,6 9

f' or which S = 2.23 f'eet.
X

The y-ccmponent, S, is more difficult to calculatev

directly since it depends on the local geometry and

Corioli,s effect on x-velocities. ifowe rer, the numerical

study of Bodine �0! gave a value of S = 52/ of S, for

a storm approaching perpendicularly to the coast. In

another study, �7!, the Coriolis component was found t.o

be 6+. For our study, the f'ormer value was used. Thus

S +S =1.52 Sx y ' x

The contribution due to a decrease in atmospheric

pressure is given by Bodine �0! as

s = 1 1><hP � - e ! fthp fi.6. ll

R = 30 n.m., and r = 35 n.m. �7! giving a value of S
hP

of .89 feet.

The brea'.zing wave setup is the smallest component,

and has been neglected here. The maximum surge experienced

where hP is the pressure difference 'between ambient. and the

minimum, in inch's of mercury, R the radiu~ of' maximum

winds, and r the distance from storm center to the point of

calculation of' the surge. For the 19~4 storm, hP = 1.3>f",
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at the mouth of the Bay is then 1,52 X 2.23 + ,89 = 4.28

feet.

The surge .;ariation with time is taken from the

computed results o~ Bodine, and is approximated by

s exp -.1!i!! [v - T f! 4.6.12

surge at one hour after Te e  Fig. 27! s'Lso shows this.eye

Note that the higher water levels occur on the west shore

of the Bsy.

 see Fig. 22c!.

The wind distribution and coastal surge were used in

the modeling of the 1944 storm. The surge computed at

Providence Harbor is seen in Fig. 25a. The peaks of' each

curve are very close, within about one-fourth of a foot,

although the computed peak is about. one hour after the

observed. This is probably due to the difficulty of

determining the exact time the storm passed. The computed

water level and the historical tide are shown in Fig. 25b>

the peak surge occurred near low water, thus saving

Providence from a flood stage 12.5 feet above mean sea

level.

The surges computed at Newport, Bristol, and. Providence

are seen in Fig. 26; the maximum surge in the upper Bay is

approxfmately five feet greater than in the lower Bay,

indicating the effects of wind and bay geometry. The
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Fig. 26. Comparison of computed surge at the Newport, Bristol, and
Provide-nce tide stations,
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Fig, 27. Water-level isometry  in feet! in Narragansett Bay for
simulated hurricane at the time of maximum surge at Provi-
dence Harbor.
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V. OVZLINE OF THE bfODEL PROGRAM

5. 0 IHTRODU|."TICN

The mair program, run in Fortran IV, on the University's

IBM 360/50 digital computer, consists of two basic phases.

In the first phase, the initial data is read in, and all

parameters ard constants are initialized. A section

imbedded in this phase sets all boundary conditions each

time they are called. The second phase consists of the

multistep operations which compute the water levels and

two velocity components. These operations are repeated in

a cyclical fashion to obtain a time-history.

At, every ti.se step, five distinct sections of phase

two are entered. In the first half time step, U and S

are claculated implicitly for each gridline parallel to

the Y-axis- I'he printing section is entered, and the

process continues to the second half time step, where V

and S are cal.ulated, then J. Each of the sections is

described below.

5. 1 I NITIALI 7AT:.ON

In this section of the program, the physical body of

water is desc".ibed in terms of the computational scheme.

All arrays are dimensioned, and several are put in common

storage for the subroutines. The arrays A,B,P, Q, R, and S
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are used in the matrix inversion portion of the implicit

computations. The array F stores values of the Coriolis

parameter, herein taken as a constant. KONVRT is used

in the printing section. NH is used in the first phase

tO ~rite initial depth values. NPRINT storeS the Stepa

at which a printout is desired, and DAVG is used in the

calculation of average depths.

Arrays in common are SE, SEP, U, UP, and VP, the

water levels and velocities at two time levels. C

denotes Chezy coefficients, and H the depths. NBD and

MBD are the grid identification arrays, and NOBD and

NOBD store information on the open boundaries. The

arrays W, FP, Z, E, HP, EP, HB, EB, ARN, ARGP, ARGB,

ARGLB. HL, and EL Store tidal data. ZIA, ZIB, ZIC, ZID,

ZIE, YIA, YIB, are utility arrays which store computational

parameters at each timestep. UAVG and VAVG st;ore average

velocities, a nd IFIELD stores the computational field.

~ he next, group of statements set the initial values

of several parameters such as grid dimensions, time step,

and certain boundary conditions' These will be explained

in more detail later.

After the constants of the difference equation, Ci,

are set, all arrays describing the physical system are

set. at zero. Then the subrout;ines KURIH, DIVE, FIND,

DEPTH. CHEZY, and CHECK, are called, and the relevant



data read in. These subroutines are described elsewhere

in this paper, 3'alues of NPRINT are read.

Initial i aloes of' velocity and water level are then

set, A starting value of tide can be specified with the

parameters Hl!IV snd SEIHV. Initial values of' velocity

and water level can be introduced by reading in the

appropriate ms trices.

Finally, the initial values are printed out before

computation.

5.2 BOUNDARy CONDITIONS

The statements about the boundaries are included In

the first phase for accessibility to the user. The

velocities at the Providence and Pawtaxet Rivers are

introduced after the model time is calculated. Then the

velocity at the Ht. Hope Bridge is specified as in the

method of Section 2.7.

Several cond:Ltions at the mouth of the Bay can be

specified, using the parameter IMODZ l. For the tidal

input, the wat r .'Levels st both the most eastward and

westward grids are computed; the tide in the other grids

is determined ay,Linear interpolation.

$.3 THE INPLI<'IT OPERATIONS

The first portion of each half time step, one velocity
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component  U in the first half, V in the second! and the

water level are solved implici.tly. The method is that

described in Section 1.3.

In the first half time step, U and SE are solved from

equations A.l and A.2. Choosing the first element in NBD,

the program identifies the grldline parallel to the x-axis-

The R and S are initialized, depending on the lower bound.

The process continues, marching up the gridline, calculat-

ing A, P, Q. 3, R and S for each grid, until the upper bound

is reached. Marching backward down the gridline, UP and

SEP are alternately computed, by the method of Section

1 . 3. The next gridline is identi.fied, and the operation

continues until all gridlines have been tTaversed. The

explicit operations are then begun.

The implicit, operation in the second half' time step

is analogous to the first, except that VP and SEP are

computed along gridlines parallel to the y-axis.

5. >k THE EXPLICIT OPERATIONS

After the water level and first velocity component

have been computed, the other velocity component is

computed explici.tly by equations A.3 or A.6. Gridline

selection proceeds as before, but the direction is per-

pendicular to that used in the preceding implicit

operation. The velocity is computed at each grid, with-

out storage of any other parameters, since the operation
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is explicit.

THE PRINTIN~ OPERATION

Between the first and. second half time step, the

printing section is entered. A check is made on the print-

out stepnumbers  containing in NFHZÃ,"!, and if specified,

the matrices containing SK, U, and V are printed ar

punched. Then r gardless of printing, the lower level

values  SE, U, V! are replaced by the newer ones  SEP,

UP, VP!, and the next implicit operation is entered.

Punched ard output, if desired, is also produced

in this section of the program.
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VI. THE SUBROUTINES

f!.0 INTRODUCTION

In this section the subroutines are outlined. The

subroutines DIVE and RIND are essential to the

formulation of gridline information, and will be

practically identical for all program uses' The sub-

routines DEPTH and CHEZY may be altered to reflect the

geography of the water body being modeled. In our modal,

the depths are read in on cards and stored for use, but

it is possible that analytic expressions can be used to

calculate depths, especially read in on cards, or

calculated analytically from the depths as is done in

our program. The surbroutine KURIH may be used to

calculate the tide analytically as is done here, or to

read in tabulated values when no Coast and Geodetic

Survey tidal constants are available. Subroutine CHECK

coefficients are specified at all computational grid

squares. ANALYZE prints out a comparison between

historical and computed tides at three stations around

the Bay.

f.. 1 SIJBROUTINE KURIH

This subroutine calculates, given the minute, hour,

day, and year of' the model starting time, the height of

the tide at Newport, Providence, Bristol, and the lower
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boundary. Th. general approach is to calculate the value

of the equiliorium arguments at the beginning of the year

being modeled, and then the arguments at the start of the

model time. Phe data for Rhode Island locations �0! is

assumed to be accurate, and the effect of wind, rainstorms,

etc., is not taken into account.

The equation for the height of the tide above some

reference pla e is given by

H + , :"  t! H cos W t +  V u - K i 6.1.1

 see Section P.~> for definitions of the parameters!. The

epoch of the onstituent, K , is usually combined with a

longitude and tirae correlation  relative to Greenwich! so

that the constituent argument is given by

W t -I. Greenwich  V + u! -K'
o n n

Thus with H, and K' available in the tidal date sheets,

�0! and W tabu ated �2!, it remains to determine the

node factor f",n!, and Greenwich  v + u! for any time. The
o

method is given '.n Schureman. Re . 12 ~ The equilibrium

argument at Greenwich  V + u! can be expanded into the0

sum of several astronomical angles.

V C . T+C ~ S+Ch h+C P+C ~ p +C ~
o s h p p 1 r
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6.1. 3u =CC <+C v+C ~ R
R

T = hour angle of the sun

S = mean longitude of' the moon

h = mean longitude of the sun

p = longitude of lunar perigee

pl = longitude of solar perigee

«he re

For definition of the angles s and v, refer to Schurman,

�2!, Fig. 1. R is an augmenting angle of only the L

constituent: argument. The associated coefficients, C,

take on the values 0, + 1, + 2, + 3, + >l, + 6, depending

upon the particular constituent.

Several of the terms in 6.1.2 and 6.1. 3 can be

determined by evaluation of a series

S = 270.454 + �336 rev. + 307.892T! + .00252T 6.1.4

h = &79.697 + �00 rev. + 0.769OT! + .00030T 6.1,.5

p = 334. «28 +  ll rev. + 109.032T! - 0.01034T 2
6.1,6

p = 281.221 + 1.719T + .00045T1 6.1.7

~rhere rev. is the number of revolutions  at 360' per year!

and T the time. in Julian centuries �6525.0 days!,

reckoned from the reference time  l2.00 noon on December 31,

1899 by the Gregorian calendar!.
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From this information, the following angles can be

computed:

I = Inclination of moon~a orbit to plane of

earth's equator.

p = hiean longitude of lunar perigee reckoned

from the lunar intersection.

by the equations:

cos  I! = .91370 - 0.03569 cos  N!

= N - arctan �.01883 tan  N/2!!

- arctan �.64412 tan  N/2!!

6.1.10

arctan �.01883 tan  N/2!!

arctan �.64412 tan  N/2!!

6.1.11

6.1.12P=p

1/R = l. - 12 tan  I/2! cos   P!2= 2

+ 36 tan  I/2!!

sin 2PR = arctan  6. l. 14
cos �P!

In addit on, the longitude of the moon's node N,

which appears in subsequent calculations, can be

represented by

N = 259.182 � �1 ' 41593 rev. + 134.142T! + .002lT 6 .1 .8
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6.l.lg

and for consti+ ~~nt iC,

6.1.16

It should be noted that for any particular year, the

angles composing V are computed for the beginning of that

year  hour 0, January 1!, which the angles composing U are

for the middle oZ the year  hour 12 on July 1, or hour 0

on July 2 in leap years!. For this reason, the

equilibrium angle at Greenwich is first computed for hour

0, January 1, and then advanced to the day, hour, and

minute, using the angular velocity of the constituent.

After the constituent arguments the node factors are

calculated by one of the following node formulae:

��! 1.000

Cos  I/2!/0.9158

 f�! 


 f�!!~

f �!/R

f  '~!

r ~!

.ihere R appears only in the L constituent amplitude.a

Furthermore, or the constituent K,

 sin 2I sin 2v= arctan
sin  I! cos �v! + 0.07272

tan  sin I sin 2v2

sin  I! coe �v! + 0.0727

6.1.17

6.1.18

6.1.19

6.1.20

6.1.21



f  =  .8965 sin �I! + .6001 sin �I! - cos  v!
+ 0.1006!

�9.044 sin  I! + 2.7702 sin  I! ~ cos �v! 8! 4 2

+ 0.0981!

where I, R, and v are calculated at the nearest dey,a'

 the node factors vary only slightly over the year!.
The program proceeds in the following order.

1. The year, day, hour. and minute of model time, as

well as the number of tidal constituents being

empolyed, are read in.

2. The names, then the amplitudes and epoches for Newport,

Providence, Bristol, and the mouth, of each constituent

are read in.

3. The values of the coefficients, C, and the node

formulae numbers are read in.

4. The number of Julian days to both the beginning and

middle of the year is determined, then converted to

Julian centuries.

5. The values of N, h, p, pl, s, I, 5, v, P, R . and
a

R are determined for both times.

6. The equilibrium arguments are calculated, then

advanced to the model time.
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-I
7. N, p, I. ~�v. P, R, and the node factors area

computed for the day and year.

H. The tide is computed for Newport, Providence, and

Bristol, and a graphical display printed.

At the end of the subroutine, the approximate time

of high water at Newpor' is determined from the M

constituent. This value, TS, relative to the model

starting time, is used in the Mt. Hope boundary condition.

6.2 SUBROUTINE DIVE

In this subroutine, the computation field is simply

read in, and stored in the matrix INFIELD for subsequent,

use. At computational grids, IFIELD has a value of 1;

at water boundary grids it has a value of 2. At land

grids, it is O.

6 ' g SUBROUTINE FIND

Here the field of computation is examined, and the

gridlines in both the x- and y-directions are flagged.

The iiector NBD consists of integer elements, which contain

information on the gridlines parallel to the x-axis, is

similar.

The elements have the general form

ab/c d /e f/gh
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solid boundaries

lower boundary velocity

lower bound tide height

upper bound velocity

lower bound tide height

ab 00

20ab

ab 10

ab

ab

6. O SUBR0UTZNE DEPTH

This simply reads in the initial mean low water depths,

in feet, then adds a linear mean tide. and converts to

yards.

6 ~ 5 SUMQUTINE CHEZY

This subroutine scans each grid square, and if at

least one depth is non-zero, calculates the Chezy

coefficient by the relationship

A Manning factor, N, is determined for each grid from

Eq. 2 ' 4.1.

where ab indicates the type of boundary, cd the colu~

 NBD! or row  NBD! of the gridline, and ef and gh are the

lower and upper computation grid numbers.

The boundary code is
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6. C SUBROUTINE ANALYZE

This is used to compare series and computed values of

the tide et Newport, Bristol, or Providence. The stored

value is displayed numerically and graphically alongside

the series value. The subroutine can be generalized to

store snd print any quantity at the end of' the run.

6.7 SUBROUTINE CHECK

When boundary pride are altered, there exists the

possibility that a depth or Chezy value will be omitted

in the data set. This subroutine checks that all para-

meters are specif'ied before computation, and indicates

which values may be missing in the diagnostic printout.
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VIl. PROGRAM USER' S GUIDE

7.0 S.STEM DIMENSIONS

All arrays in the COMMON and DIMENSION statements

must be given suitable storage, Values must be assigned

the following:

NMAX = Maximum grid size in the y-direction

 Fig. 3! which will require changes

in format of output if it exceeds 32.

h94AX = Maximum grid size in the x-direction

not to exceed 99.

DIMENSION A  !, B  !, P  ! 0  ! R  ! S  !

F  !, KONVRT D!, HH  !, NPRINT  !, DAVG  !

The vectors A, B, P, Q, R, S are used in the

implicit computation. and should have the

dimension equal to MMAX or NMAX, whichever is

larger. Similarly, with F. KOHVRT and NH have

the dimension NMAX. NPRINT is arbitrary, and

DAVG should have the dimension MMAX.

COMMON SE  !, SEP  !, V  !, VP  !, U  !, UP  !,

C   !, R  !, VAVG  !, UAVG  !, IFIELD  ! .

These are two-dimensional arrays, with the

general dimensions

SE HMAX, MMAX!
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XBD,   ! MBD   ! These vectors are used in storing

gridline information, and therefore have as

dimensions the number of gzidlines in the x- and

y-directions, respectively. Both should have

dimensions about one and a half times MMAX or

NMAX , whichever is larger.

MOBD   !, NOBD   !, These store information on

the gridlines which have either upper or lower

boundaries. The dimension of MOBD is the number

of' open bounds on grids in the M direction, plus.

Similarly for NOBD.

~   !. FZ   ! Z   !. E   !. HP  !. EP  !.

HB  !. EB   !, ARN   !, ARGP   !, ARGB  !,

ARGLB,  !HL  !, EL  !. These store information on

the tidal data. and should have the dimension

of the number of tidal constituents employed.

ZIA   ! ZIB  ! ~ ZIC   ! y ZID  ! y ZIE  ! ~ YIA  !y

Y1B  !. Theae utility VeCters may haVe any dimenaiOn,

usua11y the largest number of time steps  MAXST!

ever used.

LOGICAL READIN The logical variable, READIN, has

either of' two values'   ~ TRUE. or .FALSE.!,

indicating whether initial values of the

matrices SE, V, and V, are read in from data.
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7- 1 EXECPXXON PARAMETERS

AT is the length of one-half' time

step, or the time step of each

of the two fmplicit-explicit

operations. The total modeled

time is, therefore, twice AT

times MAXST. Printouts occur

at the end of' a full operation,

so consecutive outputs occur

twice AT apart in model time.

AT

MAXST This is the total number of' full

time steps to be executed. The

utility vectors ZIA, ZIB, should

be dimensioned equal to the

largest MAXST the programmer is

likely to use.

This logical variable Is set

either .TRUE. or .FALSE. See

explanation in Section 6.1.

The arrays SE, U, and V can be

stored at any time step by setting

These are the input constants which are most likely

to change over several program runs, so appear first for

convenience to the user.



92

IPUNCH =  NST! where NST is the

particular time step. When

ZPUNCH is set greater than

NAXST, no punched output is

generated.

For step numbers greater than

XRNS, the average U and V

velocities are calculated.

TEYE, VHURR, ANHURR, SURGE, WNH:URR are the hu.rricsne

parameters, described in Section

>4.6. TAX is the time, in hours,

from model start time at which

the hurricane intersects the

coastline. VHURR is its

propagation speed  kts! and

ANHURR its approach angle

 degrees! to the right of north.

SURGE is the maximum surge at the

coast, and WMHURR the storm's

maximum wind velocity  mph!.



7. 2 COMPUTATION FARANETERS

These are several physical and program parameters

wMch remain constant for most program runs, Zn the Bay

model, the length unit is yards.

AL is the length of each square grid,

or, equivalently, the distance

between each point of water level

calculation.

is the acceleration due to gravity,

g»

is the Manning friction parameter,

is the mex number of grid squares

in the x-direction.

ANGLAT is the angle of latitude of the

body of water, in degrees. For

small areas, the latitude of the

center is sufficient, but the

vector F can be used to incorporate

latitude variation.

is the number of iteration per-

formed during the matrix inversion

of the implicit steps For small
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time steps, a value of l is

sufficient.

on the open boundaries. For

example,

MOBD i! = sb/cd/ef/g

is the i MOBD vector. The
th

val~e ab is the row number R

of the boundary, which runs from

N = cd to N = ef  ef!cd!. The

value of g is 1 for a water level

specification, cr 2 for a velocity

specification.

are equal to the total number of'

MOBD and NOBD vectors plus one,

respectively.

These mode parameters are used to

control the type of boundary

conditions. which are changed

during experimentation. Each

mode value corresponds to a

specific boundary condition type

to be employed. IMODEl refers to

the boundary at Rhode Island Sound,

IMODEl, IhSDE2

MOBD   !, NOBD  ! are vectors storing gridline data
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and IMODZ the Mt. Hope Bay

boundary. The conditions are

given below.

=1 Nor..al astronomical tide

2 Zero tide

Water level extrapolated from

I MODEI

interior field

4 Flowrate continuity

5 Hurricane surge

Fi Hurricane surge plus tide

=1 Tidal and River flow

2 River flow only

Flowrate continuity

IMODE2

feet per second! for the Providence,

Blackstone, Pawtucket. and Taunton

Rivers, respectively.

are parameters describing the

initial water level configuration,

by the equation

HI NVp SEIHV

SR N, M! = HIIV + BRIC � � ~! 7.2 ' I

QPROV, QBLACK, QPAWT, /TAUNT are the flowrates  cubic
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is the maximum number of gridlines

in either the x- or y-directions.

See NBD, MBD.

NSEC T

C DP4G

is the ratio of the densities of

air/water.

C RHO

is the wind friction drag

coefficient, in the stress equation.
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VIII. PURTHER APPLICATIONS

8.1 HYDRODYNAMIC MODEL

Many applications of the numerical model involving

the computed water levels and velocities are feasible.

The most apparent are studies similar to those described

in Chapter 4, focusing upon different locations in the

Bsy. Several such studies are presently in progress.

The tidal flow through a segment of the Bay is the

subJect of' one current proJect. Flowrates are computed

through the boundaries of' a portion of the upper Wes*

Passage by the method described in Section p.5. From

these, the net flOw at any time can be determined. An

attempt is being made to correlate the net f'low with

the tide at Newport, the object being to obtain an

analytic function for the flow as a function of the tidal

range. The relationship, which has the nature of' a

transfer function, can be used as input to a phytoplankton-

zooplankton model 'being developed by the Graduate School

of' Oceanography at the University.

This approach is easily adaptable for use in the

future development of a finite-element model  one which

employs a small number of non-uniform elements, rather

than a large number of square grids, and makes use of

transfer functions!. Computed flowrates across the
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'i+1

i+1 i + I i'yi t! dt
'i

8.1.1

boundaries would form the input to such a model.

Ano.her closely-related future pro, hect would be the

modeling of s small portion of the Bsy with s square-

element gridnet.. The grid squares, however, could be much

smaller than the one-half nautical mile dimension of the

present. model. Water levels, t'or example, computed from

the Bsy model, would be boundary condition data for this

fine-grid model. Such a "localized ' model would be useful

in studies of small scale circulation patterns in the

vicinit i of waste water outfalls or breakwaters.

An investigation involving Bay t.idal dynamics is

s possihle pro,',ect. One topic would be a comparison of

model predicted currents with those given in the tidal

current charts adapted from Height�4!. Of special

interest is ,he method of conversion of chart velocities

fo the range of the tide at Newport. The variations of

cu. ren directions over several tidal cycles could be

examined. Another possibilit� is a study o" time of high

snd low wa,er relative to Ne.vport for specific coastal

locations around the Bay.

A pro-',ect presently under.!ay is the determination of

par ticle paths, which are the solutions of the approximate

equations



where  x,yi!,  xi,y ! are the coordinates of the

particle position at times ti and t<+l, respectively.
The solution accuracy increases ss the time difference

'i+1 I

decreases. The paths are presently being used to study
the motion of oil spills, but may be used in flu hing
studies, whereby the time for particle introduced at any
point in the Bay to reach the mouth can be determined.

8.2 SALT CONCENTRATION MODEL

An obvious use for the hydraulic flow predicted by

the model is the velocity data for the generalized

concentration equation,

� +u � +v � ' � �  D � ! -  D ! =CBc Bc Bc B Bc B Bc
Bt Bx By Bx Bx Py 5y

where C is the concentration of any conservative property,
D is a dispersion coefficient, and C a source term. The

easiest concentration to fidel Is salt, since It is con-

servative and much data on Its distribution is available.

The model would predict the two-dimensional salinity dis-
tributicn from either boundary conditions or source terms.

The dispersion coefficient can be approximated analytically
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by the Elder dispereion eXpression �2!, and CheCked

against data.

The concentration of any species can also be modeled

with the above equation. Specifically, dye studies can

provide information about concentration dynamics in the

8.g TEMPERATURE MODEL

Once tne salinity model is operational, it is but

a ..mall step to simulating the concentration of heat.

The equation is identical to  8.2.1!, with the added

complexity of heat transfer across the upper surface

 imbedded in the term C !. The heat model could be

used to investigate the effects of adding heated water

to the Hay. Another application is the prediction of

temperature as an input to models of biological growth

rates snd populations.

8,b. WATER QUALITY MODEL

with temperature and conservative concentration

models, the dynamics of non-conservative species, such

ss dissolved oxygen  DO! end biochemical oxygen demand

�0D!, using the relations
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 8.4.l!
� ~  D ~  BOD!! + d  BOD! - J = 0

y

Bt Wx hy 'hx hx
a a ooi

- ~  D ~  DO!! - r   DO !- EO!! � P + d  BOD! = 0a
 8.4.2!

where d is the BOD decay coefficient, J the BOD source,

r the aeration coefficient, DO the saturation value,

and P the rate of DO increase due to Photosynthesis or

other causes.
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APPENDIX A: The hadal Equations in Finite-Difference Notation

1. First Half Time St

X-Nomentum:

t+1/2 t 1 -t 1 AT tel/2 e t 1 AT �tel/2 P6* �t

1 AT Ft+1/2
 x! '  A.l!

1 AT t+1/2 1 tg 6 -ATR !2AL x 2  x!

at X + � AL, Y.
1

c 2 c

Conservation of Nasa.

t+1/2t+1/2 t 1 AT 6   g1 ! Ut+1/
2 L x

t
1 AT 6 L ~h + v! Vt
2AL y

 A.2!

at X, YC C

Y-Nomentum:

v � -AT6e V F � � 6*V V
2AL x 2AL y

vt+1/2

1 AT Et+1/2 1 AT F  h.3!
2  y! X  y!

1 AT t
g 6 n2dL y

at X, Y+ � dL.1
c' c 2

The three basic equations, 1.1.22, 1. 1.23, and l. 1.24, may be

expressed in finite difference form, using the notation outlined in

Equations 1.2,8 through 1.2.15. The results are:
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ll. Second Half Ties St

X-Noasntvs

t+1 tano a U t

~ hT =ti1g1-�t+g ~T q t+y
ogL goal ~gL Q~"Q

at X +$4Lc C

Conservation of 1ass

at X, V
c c

V-Maasntue

t'ai g hT f otii, ZT =t+$ r t+y
AL

4T >t+1g �ti1 ~oT g t+1
AL Q AL ~ y

t+i hT t+1
y hl y

at X y V e $6Lo c

yti1

ti14 R - F

t+$ pat g
hL
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share the bottas stress tera, R, ie defined es

tzk = ~ Ii l U   ill  

 hying! C!

�    ., � .Ut -�- . !   V ! !
Y

qy! '2  I Y!

t+1 �ti1 [ tip 2 =ti1 2
x

yx}t+$ x 2

t+$ t+$ I -t+f 2 4+$ 2]
y

~+ + g !  c !
-x -y t+$ �.y 2

~ nd ths surface stress terse, f , are defxnes ss

tU$ th! 2

F x K  s !
t 2

y y
� x y t

~ n!

r'>

hy QX!t
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!t+1 ti1 2s K  ,W
Y

 h i gV!

where K s k 0Peh r

ster
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APPENDTX 8: The Solution of the Ieplicit Equations

Tha iepljcit wethod of solution for rl snd U in the first

half of the Lrse step is presented herein. The solution of

spproxiaaticne ~ ee have

 8.1!-r U iQ + r U ~
~ -g w-$ a ~ +! si$ w

 B. 2!r vT t U + r h ~ 8a 'a s+$ s+1 >+1 at/

chars the coefficients r ere

AT -�y -x
a g ~AL a+  8.3!

 8 a!

and A, 8 ar ~ tne rsealning tares in equations A.2 and A,.1y
e e

respectively. Botn Q and U are at the t+$ ties level texaept
for fI in 8 ~ 3 > which i ~ at tres t ! r

Suppose the first cowputetionel grid is at e=2, and the last

ia evJ, Then the values of n occur with subscripts a~2>3,. ~ .J,

while U values have subscripts awtg,2$,i ~ ~ J+$  see Figure Bi1!
Solving eq. 8.1 for q at w*2 gives

 8. S!
~2 2 1f 1$ 2$ 2$

share U ie the velocity at the boundary. For the ossa of

~ lend boundary U is rero. Equation 8.5 asy ba rewritten

~ s
 B. 6!"2 = '2 U2y ' 42

 8. 7!where P w r2

o f y  and U in the second ie analogous. Starting with equations

A ~ 2 snd A.1 gin Appendix A!, and writing out the fxnits-difference
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Y,N

X,M

Fig. B-1. Definition sketch showing placement of water-level  n! and
velocity  u! along a grid row example in the x-direction.
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 8.8!end U2 A2 r1$ U1

Equation 8.2 et a~2 is

 8. 9!

 e,ta!

 8.10e!U!v-8r�+or

share 8 ~ 3r

1+r2P
 8 11!

5 e  8. 12!

+ r2P2

the next eater ievei, h3, is  froa eq. 8.1 et

4 3 ' 2$ "2$  Bo13!

~ nd substituting the expression for U ~ froe sq, 8.1ga,

3 3 2$ 2"3 2!

-P3U3! v 13or

share P  8 ~ lb!

1 + r2!82

laking the expression for r  froa nqi 8.6, and substituting into2
the above
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and U z 3 2$ 2r 6
 S. '16!

1 i tgR

3~3 4~4  8. 17!

Or U ~ ~ -H3q i $3  B. 61!

chats 83 e 4  a+19 j

 Re 20!

1 i r3P3

Thi ~ prcceedure  calculation of P , g , 8 , and S ! is
s a a 0

repeated for all e up to avJ, share, for a land boundary at

1
-P3U~

wher ~ 2

The velocity U3 is obtained frow eq e.2 at aa3

1+ r p

83! i r3U3

and q ie easily cosputad since U i ~ zsrc.
Jif

Suppose, however, Chat instead of land boundaries,

the first  s 1! end last ~asJ+1! are ester boundaries,

With either Veiccity Or eater level veluee giwen. POr ~

first grid water level value f Q1p eq. U.2 gives

1$ 'I $ 1~1 2~2 1~2  a. 22}

 e.23!
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 B+ 24 !snd $2 a BT! t rTTT1

 BE 25!

There ers three sethode of specifying the lest grid

 e~ Jv1 j veloce ty ~ Ths first i ~ to spscif y the value UJ+1~$
end apply eq . B.1 to obtain

~JvT Ji1 J+1+$ 0+1~ -P U  BI 26!

ehiCh inValvea ths CSLCuletian af Q St ths baunaary grid

 av Jj Secondly, it is passible ta calculate U, Fros
J+B

4, using e floerate conservation !as. Finally, the
Jtli2

velocity at ~ J $ could be specified, sna eq. Q.21 used

directly, This last asthod i ~ the east efficient, snd

is the ane used in the present eoael cslculetiane.

In general> the coefficient ~ csn be srittsn ss

p ~
R <8.27 !

1 i r Be-1 s- 1

4 ~ ~ r S
 B.28!

r d~ -$ 1 1

a0  Bo 29!

1 i r ps-1 ~

for a first

'the csee of

leads to

grid velocity, U!!f eq. t}.S sill suffice. I:or
a last grid aeter Level value, rl ., eq. B.2J+1
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e +rU5 ~ m+f s a   L. 30!

r pm-1 s

ng at the loser boundary  m=1!, 1 snd 5 are
m m

 from b.23 snd 8.24 for s ester level boundaryj
v

for s land boundary' 8 = 0, 5 ~ U ~ for1 ' '1 1 ay
boundary!. Then at the computational pride

dtsrt 1

calculated,

D1
a velocity

! 4, P > u > 8 > H, snd 5 sre calculateds' e' m' m m' m
~ r for each m. At m ~ J, U , assumes its

Jig
value  Zerc for a land bcundsry  the epeCified

valve fOr a velocity boundary1 or computed free sq. 8 25

for a eater Level boundary! ~ The remaining vsLues of

r  and U Srs ghsn Obtained f rcm the reourSXve relaticne

U y +

U v R h 4 5m-$ m'm m 1

for m decreasing from ssJ to m 2.

 sv2 to m~a

in that ord

app ro p ri ate

 Qe31 !

 8.»!
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[.4=i' ~ ¹AT¹AG
F 5= .4.¹ht

= ' - ¹ 0 C R hi: C it i- i '-. > l ¹   1, 4 d 7/ 3 ~ ! '" 2
GF' c 4= 1th h AX

V= 1 ~ N  AX
3E h,, H>=0.0
qFP[y,'4!=U.iJ
NAVG  h>i "}= >
VAVG[N< hl >=0
UAVG NeNJ= J
VP[N.W}=0.3
UP  Nid!=CHIC
V  N ~ tt!=0 ~
U   h i >t ! = 0 ~
Ct h" ht!=0.
H   N i 'iii ! = C - 0
F NJ=FF
C[INT INUE

2 >~ 0

0

C C C A t. L 5 U ti R  > t J T I N F 5

C C

CAI.L K JR IW RAX A I, AT,NTE> h  TS ~ Y' ~ CIAY Tkd ~ Tii I Ni}
CALL [3[V E N> AX< P> AX!
CALL F INC[ 9 INI>s N IN0t t'YAXi NWAX ~  iiilhli>C vh [ND0 iiVGECT !
CALL DEP 7k[ N WAX ¹ ah A X !
CALL C>-EZY NMAX, 'Rh AX ChtbhlNJ
CALL CHECK [ Nh>AXi BhIAX>
REbC�1 25!  NPR INT N > ~ N=lv2 :>
FnR>t AT   2C I 3 !
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60'C

6031

60:2

6033

60 34

6035
603«

60+0
37

,!k I I F IN   T I AL lr AL L! t 5

r«R I T i   =i 17!
FL!»MAT  1>.1, six, �4MI «I. IAL 0{.PTMS Ih,
Dii V M= 1.««f" AX
I «'. 4J N= l. '. «hx
hH N!= H N«M ! «: I I ~ «- ~ i	
MR I Tf-;I 6«600l! Me {' !If{ N! ~ h=l ~J!MAX J
»k IT«-�«15 J CMhhl
F''RMAT   I&>i / Ix> ' 0! F2 Y vhLUE 5   YDS J Ff:k
FD<RMnT   lx, J2,1 X,32F 4.0!
CF! Ib J h= I, MMAX
FRIT!. �« IO! JA ~  C  'J«JA>rh«=leNHAXJ
«R JT E e, 17!
FORMAT ll I,/Ix,76!!IN[ T hL aATFX LLVF LS
I.U ld J C= I, MMAX

13 N= 1«h!MAX
K 0 h V R T   '4 J = S E P   N i J C ! 4i 30 0
»!< IT E  6 ~ 6001 > J C«{KCNVH T  I'J I «N=1 ~ hiMA X J
F.!kMAT bx, 10�2,1X,F6.2.2K! !
lf- REAJIN! CU T{j Ci
0
00 TO 6078
i«R I T F  6 ~ 6021 I
Fi>RMAT { Ih I « I JX i 1 el ifN I T lhl L IN FP S!
DU 6023 M=1 ~ MMAX
jju 6 QZZ N= I eNMA X
<CNVRT N I= 300 ~ +ij N«M!
wRITE� ~ 63CI J M«{K{JNVRT NJ th»L«NMAX!
wRITE� ~ 6024!
FURMAT  i&1, IJX, 16MINI T IAL V IN FPSI
0 ! 6026 M=1«MMAX
90 6025 N= 1«NMA X
KONVRT hl!=300 +V N ~ 8!
wR I TE a, 6001! M,   KO�VRT  N!,hi=i,hMAX!
CnNT INuE
1 ST EP=2

I Yj>. I!

4U
'!

MANNING N =' iF5 ~ 3/!

17 I N FFFT!

13
18

6018

6020
6021

6022
602 3

6024

602»
6026
6028

READ IN IN I TI AL VAL!! 6 S DF T I!! f U VFL jC I TY, ANO V VELQC IT 1
IF { Rt Aljih ! 00 I 'J
{IP Tij 37
Ci!hl T INJJ F
011 6030 M= li&MAX
REAC�«6C3 I!  SE N ~ M J ~ 4=1 I 12!
DU 6031 M= I,MMAK
kFA :�«6C3~!  Sc N ~ M! «N=>3«hf«AX>
I! ' 6932 M= I, MMA x
kE!!C &eeC3'ji   L NiM!.N=l el2!
0 ; 6 J33 M= I,»MA K
RFAC� ~ 6C3V!   U N ~ hl ! «N=l 3«hMAXJ
00 O'3 34 4= I >MiMA x
8 L A C   5 e 6 0 3 r' !   V   h ~ M ! « l«i = 1 t I 2 !
i! i 6 {; 3 5 J« = I, iM i' «h X
kFAC� ~ 6L3V il   V i� ~ Mi «N=>3 ~ hMAX>
F i I f«M h T   I 2 F ' ~ 2 !
i!i' b J40 ii«= I + IIMA X
Iii eJ4J h= loN««AX
>FP NiM>=SF N« f!

IJP  h�M I= U I >l, 0 i
V P   N «M ! = V { N ~ 'i !
CDN I INUF



116

GO TG 500
6001 FORMAT  It r �ri X ~ 32�!

C
C
C
C

CGMPUT E UP AND SEP QN kGW N I F1k 8 1 HALF 1' I ME ST LP !

f! I  STEP=1
N5 I'=NST+1
K= 2¹hlS T- I

2001 IF NST.GT ~ HAXST! GU TJ! 410
C
C CL'i NJ INUE JG St 1 OPEN f!i!UNG

GG TG 89
9u NUM= I

I GO IF   NUM. EGI.N  ND! Gil Tl, 19 l
NS eCH=NRD INUM!/ lG0000G
N =AUG NUH!/1GGGG -NSHCt¹100
Ht =NHG >lUH!/ IGU � NSKClr¹IOOGG � N¹1UO
L = AL G  NUN l-NSP CH¹ IGGGOU C-N¹ lGGCO-HF ¹lu3
LL=L-I
L LL =L+1
I A= N SR CH/10
IG=NSMCH-10¹ lh

=MF- I
ANN= N+ 1
NN=N � 1
IT= 1
k  Hl-F !=Q.U
S HFF!=U ~ G
GAMMA= i ~ 5

  I A ~ EG 1 I GG Tfl 993
IF IA.FG.2! GU r l !92
G ! TG 99

992 K MF F !=U ~
S HFF!=UP N ~ Hff !
GG J ! 99

9 9 " fr f. I = M f-- 1
TEYP10=U{N rNr "lF F !
IF I 1 CMP 1G.FU~U. ! TEllP 10= LI  KN,MFF I
TEM  11=U NN,HFf !
IF   1 EHP 11. E~J. G. ! TEMP 11= L KNK r Hf f-!
H=MFF
NHM= M F
'IC l- .CK= 10

61GG FCiRHAT �OX 'N=' ~ 12,2X ~ 'M= ' r 12 /K ~ 'NS'I:=' I 4r2X r 'CHECK POINT ', 14!
TE MP12= � Ce¹WX¹A6 5  wX I /  SE  N I ! ¹SE  N,!'M~! ¹H  N ~ M! +H NN M! !

990 AL P HA= 1
K Mf F !=Cl/   I ¹CZ¹ U  NrMF! L  N ~ HFF I ! ¹� ALPHA! I
5   Mf-F !=  U Nr HFF !+C 1¹SEP   N, HFF I � TEMP 12

I � U Nr HFF !¹ 50i T IU Nr HFF !¹¹2+     V  ih ~ I' F! + V NNr MF ! !¹¹2I /16r ! I /
2  �E Nr MFf ! ISE Nr MF !+H NrHFJ !+H NNr HFF! ! ¹   C hl ~ HFF I ¹C N ~ MF I !
3¹¹2! !¹C4I V NrMF !OV NNrMf ! ! ¹ ~ 25¹ AT¹F  N! � �.-GAMMA! ¹CZ¹
4   1 FHP 10 � u  N, "IFF ! !-GAMHA¹C2¹  U  Nr PFF ! � TEMP 1 I I ! I /
b� ~ + CZ¹ U Nr HF! U  NrHFF ! ! ¹  I � ALPHA! !

99 CONT INUE
K=MF

10 I. GG 1G2 M=K ~ L
ICHECK=20
IF   TEST! Wf  IT E  6 ~ 61 QO! N ~ Mr frST ~ I CHECK
MH= H-1



II7

et JIM I
 h ~ MH

IF �8 ~ EQ ~ 0 } TEMP I=0 ~
If I I8.EQ.ZJ TEHP1=UP h'iL!
IF    8 EO ~ I! GO T<1 103
UU TA 104

103 CONT INUE
Tk JeP IO=U NNN et�!
IF  TEHP10 Eej ~ Oe ! TE'HP10= U I4NiL!

92 I T E fe P 1 1= U   hfhl ~ L !
I F   TEMPl I ~ EQ ~ 0 ~ I TEMPl 1 U NNN»L!

923 LLL =L+1
LL ~L-I
YheH=l I L
Y=L
I CI- ECK= 40
I F   TEST! WR IT E  be{el00! hl ~ Mi NSTr {CHECK
TEMP12=-ce»wx»A8s  wx! /  SE{ NiHI+sE   hliMMM!+H Ne H!»H{ NNe M! !

YeIH=H+ I
TEHP9=SElNi"I!
IF  [T ~ GT. IJ TEMP9=SEP NiH}

988 TEHP1=SF.  }4NNiMl
I F   T E MP I ~ E 0 . IJ . I I E el P 1 = 2 ~ » 5 F   hi e Y I � 5 t   4 N i H !

98e TFHP2= sF  NhliH!
I F   T EM P 2 e E 0 ~ 0 . ! T 'E MP 2 = 2 ~ '» S F I h i Y I � 5 E I h f4 N e M I

984 TEYP3= SE{N,HHMJ
! I-  I EHP3. EQ 0, ! TFMP 3=2. » Sf.   N, e  J-SE   h HHJ
IF  tT GTe I! TfMP3=SEP hiMMM!
II   tT GT ~ 1 ~ AND ~ T=HP3 ~ FQ ~ 0 ~ ! TE.'{P3= Z ~ »SEP  ht M! � SEP{ Ne HM!

90> T EIIP4= 5 E l N, MH I
I F   T F M P 4 . F 0 . IJ . I T E 8 P 4= Z ~ » 5 f- < N i ee I 5 E   h i Y > M I
IF   IT ~ GT . I ! TFHP4= 5: P  NeHH!

IF   I T ~ GT ~ I.AI40. T E "IP4 ~ EQ ~ 0. I T»MP4=2 ~ »SCP t hie Y! � SEP  Ne MMM!
913 A   YI= SE  hI 8! �. 5»C2»  I  N Y!+I fh Mhl!+SE <l4 S!»TEMP1 !»

IV hi 8 !+. 5»LZ» I HI l4 Ii HH!+Mt Nhfi feI+SE   N ~ Yj+TEMP2 j»V h'N»MI
P V I= 5»CZ»  I- N 9 J»fe NhI Y!»TF YP9 + TEYP3 J /  l.+ ~ 5»C2»

I  Hl Ni HH }+M Nfvi MH J»TE I4P4 +TFYP9 !»8  YY I !
 .'   M ! = t 4 I M I + ~ 5» C 2»   Ik   N e HM ! + et   NN e Y M I » T I' H P 4 + T E M P '9 J» 5   HH!

I I/   1 ~ + ~ 5»C 2»< I-  Ne HM I+H  f4Ni reIH I+ IEMP4 + TE eeP9 }»R{ HH! !
IF  W ~ EOeL j GU TU ICZ

914 Ghhlfeh= C 5
TEMP IO=U  hfheN e H I
IF I T Ee P 10e FO ~ 0. I T I-.MP 10= l}{Nhf e Y!

9 I e T F II P I I = U   r4 N e M I
IF  TEMP I l. Ed ~ 0 ~ I TChePI I = L fvh hiM!

9 III TEI'Pe=AT»F  hl I �   1.-84e{HA J»LZ»  TEYP1 J-U{ N.M! !-GAHMA»C2»
l U N ~ H!-TEMPLI I
T f: hIP6= ~ 2 5» T EHP 0
TEHP12- Ce»WX»heIS<*X ! /I SE   h' ~ M! e SE {Ne YYMJ+H NiM!+Htf4N ~ Mj !
8 I M J =U  N ~ M! +TEMP s»{ V Ni M!+ V  hie�!IYY I+V hhe M!+V hlNi MHH! !

I -U N M!»SIJRT l U hleH!»»2 +  l   V Ni HI+V N YMH!+V NNiM!+VtNN ~
2 l»»2!/le. I I /   SF  N,HI+ 5E hf, YYW}»H N,H!»}4 NN, M! !»<  C {N,H!»C
3W J !»»2! !»C'e-I FHP 12

AL P f 4= O. 5
TF}ePI= I »CZ» AC»P H!+  I ~ � ALPHA!» U NeHHMJ U hleM! I+

I At PI4A»  U  he H }-U I4i MH! ! !
k  MI! = CI/TEMP1
5 HJ= 8 H!+ CI»0{M!}/TLHP1

102 Cf! N I TNUE
IC I-ECK= 30
IF   TEST! Wk IT El ee 6100! Ni Me h5Te ICI{E CK
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hl 8 I.A= 0.
TE>P1 =  � Cl<SL P liiLLL

1 V   h 4 e L ! ! ih4' 2 I / 1 c . I ! /     S
7 I I h., L J i!.  li 4.!. ! ! 4 l   C r h.
3 ~ 2 5<   AT> F I i'4! � Ghi«AAC 2 
4 T!'4P10 U hlwL!! � V htt
5 + C ! +!!   L ! ! / I I ~ + ' 2 4:   h L' 4 P

1 t! 4 C tire T IN t! F
U I' r l4 r L ! = T I- M P 1
hi= I

� J=l' iL

S ~ P   4 ~ I I = � P   N' ! ll!   I  e 'I I
lil   Iv IM!= P  I'' I St  hi,

1C  "=P-i
JF  'ISI CI' t0 ~ 2J! i Tt.
Cii Ti-I 111

1 1 i. h 1= S E P   i4 ht�,,S F   !
It  hi.L0.0. 1 A!=SEt>r htc
S   I'   '4 s M F F ! =   S I. l � ~ HF I ! +

111 tF  !4>PCF.�.2! I il TU 1
Cr T ! 120

1 1 A i= SLP  hh�iLt L !
IF.  A l EQ.U. ! 6 1=6 I 2  .'".
af P i4eLLL != ISI-r NyLl t. !+

12'! I T=  T+1
If   T.LF.I" I! n.! T I 101

102U f. UP =�UM   1
 .'! I .1

190   i'!', 1 Ih Uf
oui  = l

! iu F
6 hIL
L !+Ct
  Lith,
L!+VI
 L!+t

+wl Al
q!IS PM!

110

,NII !
SLP  h .Mt=! +El! /3 . 0
15

r L LL!
SFI'INwL! AJ!/ 'I

C c CCMPLT 2 VP i!i  i it tg 'lh 8   1 [2 ST i'ALF T I h ES TEP!

IP   hi�  ~ E0 ~ M lhn!  i I 1 ' 2 J2
" 8 F I FI= i". ti 0 I '< U !4 ! / l. 0 L' J I Ci 0

= ' 8 C I �! U~  ! / l 0 0 0 0 -'  SF C I- + 1 U 3
fxF = MAC   '«Uw! /100 '< >8CF <100 I J � H4! UC
L = 'I t 0   � Uwi I -'S Cw:10! 00!-ht laO 3-hFel00
LL=L � 1
LLL =l. +1
hFF=NF � 1
iv I<I  il =  i  y 1

� 4-1
I A=~SR CH/10
I H= > S t  C I-- 1 0 < [ A
PO 204 �=�F i LL
I .! E CK= SU
t f.  TFST ! WR IT F  o+6100! hs'~v�ST +!C!If I'K
hl�= hi � 1
hll4N=!4+1
8E T A=0 ~ 5
! F M P 4 = C 2  K I   1 e < t T A ! 4   V   I J '4 ht ~ 8 ! � V  A ~ Y ! ! + I  F T 4 4'   V   � ~ ."r ! V   NN r P ! J !
T E'4 P 1 = V I h   N I > ~ 7+       LI P    i i 'h I + UP   'Jf' � i W ! + Li P   h v B !  ! + U P t hli4 hl e MM ! ! 4 4 2 1 /

 � ' !
T F H P 2 =   S F P   h, ~ ! + S F ~   h '4 h i P !   I-   h O' W ! I H   h !r ! !  '   C   hl + I  ! +

1 0   h hl i4 y "I ! 1 4 iti 2
I CYP 12=-C6>w Y<AI!S  w Y! /  SL   l4,+! ~Si.  Nhh, Ni!+P  h, h ! +Hr N,HW! !
T Eh PS= 1 +C 44SL!R Tr T I iAP 1! /TF!rp2t TEFIP4+ TCHP12
T FhiP 3-" 1 a /T EMP 3

201
924

100 1 I

rL! *�.� c4~stlwT v N.LI4�+   I v h ,L!+
! + S.- I hi r L I. L I +
he L 1 L! ! ~ A2! ! -TC hIP12! +
I ! � I' L "! P 1 1 I �   1. � t> A I"I M A ! 4 0 2 e
hNst ! !
t.   I4 I ! - Li   h L 1 ! ! + A L PH A ! !
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2 IJ 4 C  I F I T 4 = 4 t 3
Tckp�=V N M 'ti!
 F TPMP1<i..:iJ.~. I TI f>sslJ= VIN,MM!

92a T~MP  =v Nt MMI
I F   1 c t  P 1 1 ~ E lJ . 0 . I T F M 8 1 !. = V   h, t fs fs 4 !

t! 2 3 T f M P 1=   4 1 < F   N J t I 1 - l I E L T 4 ! < C 2 t   f 6 "I " 1 L' - V   N t M ! ! + FJ E L T 4 t' C 2  '
l V h tM! � ! E MP11! Jt'.25

2 Jst V P I N t M ! = T f '" P 3
1   V   N t" ! �   f Mp 14'  92IP   N t M! tUP   I'h 9 t "! tUP   h t MM! IUP   NNNt Mf ! !

  ]ti SE 'qcNt ii! � SE  iftM! J !
Ict-f CK= c"
lf-  Ti ST! 'P I I F ,CIUUI N M I'5 I  CIIFC»
tf   JP ~ Fi' ~  ll T''P =Ci ~
 F  13 6 J ~ 2! T' «I'1=VIi Lt v!
Ii !~.e~.!i i;. r 2 :~
Cu T ! Zcf,

20' Cif VT  NU.
I I '~P �= V   I. t Is~HI
 F  TEMP ~ Ea.U. ! f FMP  C= Vt ..MM!
  '. ~' P 1 1 = V   L r f .'.f !
I I- TEfsp1 1af Ji J. I Tf II 11= V Ltt'tsMI

Ss3' LLL=I tl
!f TA =U.
LL =I � 1
TFMP4=C 'th  I'At  V LtM!-V<LLtv! I
Tf.-i Pl=V LrM!<< 't    UI' Lt YltLP L ~ «! l»<2!/lb.!
T[fsp2=  SFP L ~ M! tSt'  LLLt I+V Lti MJ+H LtM! ! ' C LtM!+   LLLtM! I+t'2

hNK=LLL
P P 1 2 = � C c t' W V + 4 .   5   W Y ! /   5:   ih ~ M I + Sl'   ih h h, M I t H   h t M ! + H   N t Is M ! !

'I l ' Is b= 1. t  st' ! J< T  TF M V I i /! E MP2t. TL-MPst tT F. MP 12

I ULL 1 4=0. 5
T F m ~ 1= . 2 ' 't   4 T t' I- I 't I +   J. ~ � U 1 L T A ! t C 2 t'   T E M P 1 C � V   L t M ! ! + 0 E L T Ah C 2 +

1  v IL tM I-T f MP  1! !
1  ' M is 1 = T ' M P 3 t:   V   L t M I � T E h P 1 t'   L P   L t M ! t UP   L t M fs I !

1-C14 SI=. LLLtM!-SI: LtM! ! !
2uL VP  L,M!= T!Mpi

lf   la.<a.~ I TLMr 1= C.
JF I lh t U t 2! 7'-'fp 1=VP h Ff t Mi!
IF I  A FC ~ I I fiif ff1 2C7

� T I 2U f
2C 7 NFF=hlF-1

T I- MP li3= V   N>f t MMM I
 F  T F MP10. Fd. d. I Ttttp 10= V NFF ~ M!t I

436 TEMP 11=V NFF,MM!
 F  TFMP11 EQ ~ U. ! Tf MPll= V hf-FtMMM}

'73ft HETA= 1
TftMP4=C2ifi   .-EE TA! ih  V Nf, i'!-V  h'I-F tt! !
1 EMP1=V NFf.,M�t 2+    UP Nf t M!+up hf-,MM! }~~2! /le. !
TI=MP2=   SEA� NFFt "I J+SEP  hfFt M!+H  Nf-F ~ M!+H  hFF t MM! } +

1 C iNF ~ M!+C NFFtM! !+<2
N = h' F F

N=hlF
ICI f CK= 7C,
 F TEST! WA  T' �t bid !I NtM ~ NSTtICHECK
TEMP 12= � CGA WYt'465   tiv ! /  Sl  N M! USE�   N!thf, M!+H  N M! +H  N MM! }
7 EMP3= 1 ~ tC 44SQP T TEMV1! /Tf MP2+ TEMP4+ TE MP12
T FMP3=1./TEMP3
CEL TA=O ~ 5
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C C C C
5i30
296

C

PRINT IN S TR UC T I IN 9

IF   ISTEP 2! 2'97» 296 ~ 2'97
CONTINUE

STORK VAI UES
IF NST»EQ,O! GO
GO Ti1 91
C. ONT INUE
IVL=NST
IF   IVL ~ GE» IRMS!
IF  NST. Eig. NPIN IN
Cj d I i.l 2 9 'I
IP= [P+I

li! 82

CALL VF IANA  [ VL ~ IRMS VAXSI  ,MAG I AVG!
T  IP! ! � TO 295

29i
PR IN Ti!  NS I, MMAX,WI AX,CMAG,r DI V, AT,CMAGSE !C AL .

AIUM= 1
Oi! 292 N= 1» NM AX
UO 292 I»= 1» MI«IAX
i! N»«»!=UP N»MI!
V li»VI!=VP N»M!
SE  Nr M!=SEP  N» M
IF   N S T ~ EIJ ~ IPUVC
GU TO 6060
!F   STEP ~fQ ~ 2!
«riJ TO 6060
CON I IAIU 9
OO 6051 M= 1,M«�
wII IT E   7» 6059!  
OO 6052 M= I» MMA

297

292 !
H ! GU TIJ c 049

Gil Tii 60506»�9

6050
X
5 E   N»»N ! «N»«1 ~ 12 !
X
SF   N ~ M ! ~ N= 1 3»N MAX!
X

U   N» iN !» Ni = 1 ~ 12 !
X

U  N» M!»N=13»NMAX!
X

V  N ~ M I «N =I» 12 !
X

V  9» M ! ~ N= 1 3» N!»AK!

6051

+> ITE  7» 6059!  
i! ! 6053 M= 1»M»NA
I RITE�»c059!  
Oil 6054 M= I»!»»NA
INR IT F   7 ~ F059!  
D'1 cd55 M= 1» MMA
INRI TE  7»»»059!  
OO 6056 IN= 1»MMA
WRI TE   7 ~ 6059!  
FORM AT  12F 5 ~ 2 !
CIJNT INUE
GIJ TV�9'9»  !9!» I
[ STFP= 2
R=2N'NST

SET OP EN
GO TO 89

60 52

605 3

6054

6055

6056
6059
eoeo

STEP
299

HOUNDS

COMPUTF. VP ANO SEP ON COLUMN IN  SECOND HALF TIMESTEP!

301 IF INUM EQ MIND! GO TO 390
939 MSRCH=MBO NUM!/1000000

T E M P 1= 2 5 <   4 7 + F   V ! +   1 -0 F L T A ! <C 2 Ni   T E I P I 0-V   NF F» !» ! !
1 «OELTAN'C2+ V INFF«M! TEINP11! !

TEMPI =T EMP3+ V NFF» M! � TEMP1«' UP  NF» M!+UP  NF ~ MM! !
1 � GIN»  S 6  NF M ! � SE  NF F, M! ! !

ZC9 VP NFF»M!=TFMPI.
NUI»= NUM+ I
GO TO 201

202 CIJN I INUF
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940

9rr 3

945

303

9AT

949

951

958

= frRD  NUM I /10000 -HSRCH¹100
VF = MI30   NUM> /100 -M SRCF'¹ 10000 -M4'100
L =NeO NUM> -MS RCM¹1000000-M¹ 10000-t4F ¹100
MM=M � I
MM'4= M+ 1
LL=L-I
LL L =I+ I
I n= M SR C I- / IO
[0=M SR!'.I--10¹ I 4
hFF= NF-I
R fvfF J=U 0
S VFF!=0.0
IF   � ~ FQ e I I Gi! Tif 990
I«IA.EV.ZJ G~ Tn
Gfj TO 319
Vf ~=I4F- 1
TEMP I 0=V [I4FF r MMM I
IF   TEMP� EQ e Ol TEMP[0=V  Nl-I r HM I
TEMP[1=V Nf F,M4!
I F! TEMP11.FQ.O ! TEMP 11= V f4FF,e! IrM I
Ni4N=V F
V=NF
4=NF F
[I.I-ECK=8C
I F f TEST! rr'k I T E   o r 6 I 00 ! he M ~ h S T e [ C H E C <
TE<P12= � C6¹WV¹A IS[rtt I/  SE  N,ti>+SE   IVNh, M! FH  tv Hl+N t4,HM! !
I.FL TA=O.U
AETA= I ~
k NFF !=C 1/  I ~ ¹CZ¹[V NFeH!-V hIFF rMJ ! ¹� ~ -I!ETA! !
S hFF != lV NFFeII!+CI¹SFP  NFF eM! � TEMP12

V AIFF ir >¹Se>RT  V  4FF rM!¹¹2¹  I   U VFeM!+U NF rMM! !¹¹Zl/16 ~ l !/
l SE '4FFeMI ¹SE  VI r MI+Ff teFFrH!+FIINFF ~ AM! !¹  C NFF ~ M!+C NFrH! !

¹ ¹ 2 ! ! ¹ C rr - . Z 5 ¹   4 T ¹ F l r4 ! r   1, - 0 F L T 4 ! ¹C 2 ¹   T E M P I 0 - V 1 I4F F r H ! !
r 0 E!. T A ¹ C 2 ¹   V   N f- f r M > � T E "P 1 1 l J ¹   J   NF r t' I + U   NF r fr H ! ! ! /
  1. +C 2¹   1. � LE I 4 I ¹   V  I4F r M I- V  NF F eM! I I
GO rn a}S
N  hIFF I= C
S KFF!=VP VFF M I
i:ON I lhILF
K=M F
IT= I
OO 302 N=Kr L
ICF ECK=90
IF  TEST! >rR ITE [ 6r 6100> hr Mr hST r [CHECK
i4N=N- I
hNhf= N+ 1
TEMP9= SE  Nr M I
IF   I T ~ CT ~ 1 l TEHP9= SFP l tr r H!
TEMP 1= S E  hf r MMM!
If' TEMPleFQ 0 1 TEHP1=2e¹SE N ~ Hl SE NrMH!
IEMP2=SF NrMH!
IF TEMP2 ~ FQ ~ 0 ~ ! TEMP2=2e¹SE IN ~ H!-SE  NrHHHI
[EMP3= SE  NNNrM!
If  TEMP3 ~ EQ ~ 0 ~ ! TEHP3=2.¹SE  N ~ M> � SE  FrNrHJ
lf [ IT ~ GT ~ 1! TEMP 3=SEP NNN ~ M>
IF   IT ~ GT ~ leANIJ ~ TEHP3 ~ FQeO ~ ! TEMP3=2 ~ ¹SEP N ~ H>-SEP NA! ~ H!
TEMPre~SE NNrH!
IF TEHP4 EQ 0 I TEMPr'r=2 ~ ¹SE NrM>-SE[NNNrM!
IF  IT GT.I! TEHPrr=SEP NN ~ M>
IF   I T ~ GT ~ 1 ~ ANO ~ TEMP% ~ EQ ~ 0 ~ ! TEMP+=2 ~ ¹SEP Nr H> SEP NNN¹H >
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9e5 A N! =SF  Nv M ! ~ Sv'I 2+ H NvM ! v F{ NNvM! +5F {N ~ M}+ Ti:MPI j +U'f hvMl
lv 5v'C2vv{ } [Nv <M j vH Nvv MP }+TEMP2 v 5E  IvviM! !+U hvMMJ

P   N ! = . 5 + C 2 v'   Iv   N ~ M ! + H  N, iv vv j + T t M P9+ T F MP 3 I /   1 ~ + ~ 5 v' C 2 h
I   H { N N v M J v H   Iv h ~ Ih I ! + T E F P 4 + T I- > P 9 ! < h I h h ! j
i0 N }= I A  iN j F,54  2iv  H  h h v f ! +Iv  Ivh, «M! + Tf MP4+ TEIL'P9 ! +5  NN!

I ! /   I . + ~ 5> C 2 <   Fi   N I} v 4l ! v k [ h 0, " M } h T L M P4 t T L M P9 ! v R   N N ! !
fr {N.EQ.L } GU T I 302

Siva I ELTA=C.5
I f MP 10=V {Nv""«j
IF {Tt MP�,EI .0. I IEMP Ii!= V !v h Mj

9e» TAMPA[=v{N.<MJ
IF TEMPI! ~ FU ~ « ~ ! I'-«Pl[= V{fvvNMM!

970 TE WPe= AThF  N! + I I- � 0FETA ! >C2>{ TF >PI0-VI }vv "I l
+ L' EL Z A 'h {.2 + { V I h v vl ! - I E I«P I I !

I EMPA � � ~ 254 TENPi;
TE«P12= � I evvv' Vvh» 5  ivY I /  5i-   h, M! +5F  h h h, 4!+ H[ N vi! +H{hl MM! J
II h }=V hi ~ ~ ! � T Ei Pe 'o iJ hi vij+U hNN hi!+IJ NNNr MM!+U Nvf M! 1

I � V { 4 v M ! V' St,'8T   V   N v N J + 4 2+       U   h i M l +U { ih NN v M ! + U   h r Mhi j + IJ   NNhi v Mvi J
2 l / I e ~ ! ! /     5» [ iv ~ M I + 5 I { N N h ~ 8 } > Iv [ h v M l + H   N v 8 I" ! l 'h {   C   N v M ! +

3 C [ h N N. MI ! j v' > 2 ! i v: 0 v � I F M P I 2
0 ~T }[=0, 5

! EMP [=I ~ +' d<[A <PIN!+  I ~ -0I TA!* V  vhhvvf! � V hvhvj j+
1 RE} Ah   V{M v M ! � V  NNr M! ! !

R { hi ! = C I / T F iM P 1
~   N } =   '   h ! t E. I < ij   N ! l / T F '" f' I

3 Jd Cfvi}T INUE
LLL=L+I

IF  [0 ~ E0 ~ I'.! TEMP[=
I I-   [ i'.. FL . 2 ! T EM e 1= VP   L, 9 !
If {[W.EI.. I! G.l I '! 'CT
 i[I T0 305

3 C 7 t.i'. N T IN U F
If'I >10=V{L 'I«'v J

IF TEvir IJ.FQ ~ 0 ~ j Ti MPIu= V Lv«M!
9i I 3 I Fi«P I I = V   L, M M !

IF T MPI 1 E J 0 j 'I" «Pl I= V{L ~ MMM!
91 LLL=L+l.

LL=L � I
»FTA=0 ~
N=L
hNN=LLL
 I f ECK= liJQ
I I-{TEST! tvR [TE[e ~ e100l hvMvNSTv CHECK
TEMP[2=-Ce>vYV A05{ «V! /  5E  N vMJ+aE  hh h v Ml+H  Nv M!+H hivMM! !
T[MPI =  -C14 5EP  LLL v M!+V E v MI! +  I e-C4~5QR!   V { L i jv! Vv42v  {  U  L iM j+

lti   I v MM! j «v'2! / I e. ! ! /     SE  L ~ M!+ Ei- l I. LL v M!+
2H [. M!+} {L vMM! j+   C  I ~ M!+CI LLLv hi! ! viv2! l-TE hPI2!+
'. 25>  ATvhF  N! v.   I.-i!I. -L l 4! v'C 2+ TEMPI C � V  L i Ml ! v0[ LTAK2 +
4 lV IL r M!- T EMP 11 j J Vv{ U L v M ! VU  L v MM! !
5+ 0 I> 0   L ! ! /   [ ~ v. . 2 h   A G + I'   l. I + 0 E Ta ~   V   L v M j � V   L L v M ! ! ! !

305 Ci!N T INUI-
V P [ L ~ iM ! = T E' M P I
I4= L
00 306 J=KvL
NN=N � I
S EP   kv M ! = � P   Iv }+ VP   N v Mj v i«[ N l
VP  NNv M j =-R { Nhi!OSEP  N v M!+5  NN!

306 N=N-I
lf  MSRCfi ~ F.t} ~ 20! GEI Tfj '"10
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C ; Tf! 311
hi = S!P  NFF
IF AI ~ '0 ~ 0.! Al=SEP iNFI,MRMJ
5 F I<   hI F k ~ 9 ! =   3 E   V I F r M ! 4' 5 E V I h' I r > ! 4 A 1 ! / 3
IF  MS  CF .E<' ~ 2 !::i! T'! l2
0! Tf!
h!=SPP  L.L AM+'I
I v   A 1 . f..' . .". I h 1= Si V   L 1 L, MM«J
5E~ LLL « "I !=  ST  LLL e4i!+SI P I ehf!+A I I /3. J
I T= I 1+1
I I I I T ~ LF. ~ �! I 0 T."I 303
h !v= 4UMi I

T ! 301

310

31 !.

=12

C G C<!<4PLTF Cv,! '4 v<!W i4   SEC CNU MALI I'{MF SI I. PJ

'-VC
34C

1021

HH}! }
!/ lo.!
H} ! 4i iZ

405

1001

�<!«<= I
[f.  hU«f«r <' ~ 4l�i!J <i I Til
«S~C<4=�«C  �U«I I/ 1;0 ,JC<!

= hL'L  <4u<4!/ l00 '<3 �,",SS ' i <! l,!U
«f- = V<<'!   Vg«J / 100-VS V .I 4 I 3 30i! � $4i 10 C
L =3,  � , 0 I � 'JS ' C�+ 10<,�u< -"4 10 'C- «IF 4'I UU
I h =VS Il Cf'/ IU
I J=NSACF-1J+IA
;3 r4 = N - I
hi' h="� I
 L=L � 1
I.CL =L f 1
,ff I =iMf- � 1

404 «='!FRILL
1 .F FCK = 110
IF   TEST } nf  II =  o.<10J I hr Me  "5 I ~ IC<fcLK
lgNih g+ J
4M=8-1
r  VF a=a.~
~ I «V 4 =  : 2 ih     I ~ � 4 L W h I +   0   � t " M I � U   N ~ M I ! + hl V <4 h 4'   U { hf t 4 ! � { hf ~

<F!iVJ =U I., h�: Zt     VIV ~ 4}+V  h qHi4MJ tV <VhirMI+V Nh<yHMMJ !fifiZ
TF4VZ= { SFI>  N, 4! iSCP �,4r «I ih Ih<,h I i~ VX, MJ! 4{C{N,H!+C{V,HH

V I 2 = - C u 4' w X h A 8 S   4 X I /   S I   N, 4 ! + S E   k ~ I M 4 ! + � i N i 8 ! + H   N h�M! !
7 c MP3= I +C 44'S !~ I'   TEMP I I /TEMPZ+ !EH V4t 7<-. RP �
7 FMP 3= I ~ /TFiMP "
GAMMA=OS 5
! f NP10=U Vt.Ni4!
II-   7 E4P I J ~ I «I.J ~ ! 'II=.MP 10= U hlN « h'J
! ERV11=U NhsM!
TI- I TEHP1 I ~ EQ ~ 0, ! Tf MP 11= U  �h« yH!
7 f MVL= AT4 f  N J-�.-GAMMA }4C24   I; I PLU-UI N,4! !
 ! A «H A+ C 2 4' I U   V ~ 1 ! T F I P 1 1 il

TFPVi= Z54'TEMPI
 JP hlsM!=TFBP34

 U IN. V I+  EARP le   VP { �, H! +VP  N~HHM!+VP h!N« M!+ VV{ NNr MHM! !
C 1!h { 5 c   � ~ HH 4 ! 5 E  ;4 i H ! ! !

IF   JII EQ. 1!  '0 T'I 400
IF I If! EO 2! GO T ! sZO
0V TO 40'
C UN T I hf U!
TFi MP 10= U VNN « L if
II-{TEHP10 ~ EO ~ 0 ~ I TEHV10= U NN HALI
TEMP	=U NNiL !
T FHP t=C24'ALPHA '  U Ni L!-U  � ~ L L I !
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TEHI'I=0 NIL !¹¹2 ¹     V  ht L !+V  hN v L! I ¹¹2! /16 !
TEHP2=   SEP   N ~ L I +SEP  N rLI L !+F N ~ L! +H hNe L ! I¹  C N¹ LI +C Nt LLL I !¹¹2
H=L
I'MR=I LL
ICI-FCK= 120
IF   TEST I WR IT 8  u ~ 610O! he Ms NST.  CHE CiK
Ti-MP12= � Co¹WX¹hf!S I wX ! /  Sf   N ~ M! +Sf   N ~ YMM! l H  N¹ M} +H NN ~ M I !
TEMP3= 1 ~ ¹C4¹SOR I  TEMP 1! /TEMPZ+TEMP4 +TFMP

TEMP3=l./Tf MP3
GAMM A= 0 ~ 5
TEMP� != ~ Z5¹  AT¹F < N I �   1 ~ -I AMMA! ¹C 2¹ I TEMPI C-U  h L! !-GAMMA¹CZ¹

l  U   N ~ L !-If YP ! 1! I
UP   hl ~ L ! = I E MP3¹   L'  N ~ I ! + T f MP1 ¹   VP   N v L ! + UP   hN s L I !

1-C l¹ SE  h¹f LL ! � SF  N >L ! ! I
GT' TO 4 C6

4ZC LLL=L+1
LL=L � f
SFP N L L!=2 ¹SEP N L! � SIP  N L  I

4ijb IF   I A ~ EO ~ 1! GD T l 407
CD TO 4OE

4C T MFF=MF-1
TEMP IO=U  NNNv Ml I I
IF I TEMP lO~EO~O ~ ! TFMPI C= U hh e MFF !

�06 TEMPI ."-U�htMFf I
IF  Jf MP 1!.CO.O. I TEMP! 1= u NNX,MFF!

1CC8 bLP I-A= 1
TFMPA=C2¹� ~ � AL P ~ AI¹ U I' Mf ! � U heal FF ! I
TEMP I=U h MFf !¹¹2+  I V heMF ! ¹V hN ~ PF ! !¹¹ZI/lu. l
T F M P 2 =   S f- P   N, H I- f- ! t S f P I N i M I- ! + I-I   4, HF F I t H   h N ~ HF I- ! I ¹   C   N, MF ! + C   h�, MF F !

I !*¹ 2
Y=MFf
FMM=MIF
I Cf ECK= I. 30
IF I'EST! ARITf oeelOO! h¹M¹hST,ICH .CK
JEMP12=-C6¹WX¹AfIS  WX! /  St  N s >! ISF   N ¹I'MHI ¹H  N¹ MI+H NN¹H! !
I I MP3= ! . ¹C4¹ 5 !R I   T 8'IP I! /I & MP2< I EMP' + TE MP12
T FMP3=1 /TcHP 3
GAMMA=O c
T CMPl= 2S¹ AT¹F  NI �   l.� I AHMA! ¹C2¹  JENP10-U N MFF! !-GAHMA¹CZ¹

1 U  Ne MFF ! -T E4IP 1 ! !
UP Ne IFF I= TEHP3¹ U iN ~ MFf !+ !EM  1¹  UP hsMF !+VP hhsMF! !

I CI¹ SE NvMF! SL NeMf F! I !
4C8 CENT INUE

NUM= hlUM t 1
Gd TD 34Q

402 CDN T !NUT
GD TO 5QQ

41C COMIT INUE
CALL ANLYZF MAX ST.NTERM AT!
5JUP
END

SUBRDUT INF PR hiTIj  NS T e MMA X ¹hiMAX¹CMAG > CD I Mr AT¹ CHAGSE!
CEIHHDN SE�9 ~ 48l¹SEP�9 ~ 48l ¹V  19¹4?f! ¹VI �9 ~ 48! ¹

1 U�9 ~ 481¹UP  9i48!
D !MENS ITIN KDNVRT   25!
T IHE=NST
TIME= TIHE¹2~¹AT/3600
CQ IH= 3 ~ 0000
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wrIITC� ~ 5OZQ! hIST> T IhIF
5020 FORMAT  IH1 43HAVERAGFD SF AhO SFP FFR SECCND HALF OF STEP [5

5X ~ 'TIME = ' iF 6 2e ' HR5'!
DIJ 6QQO M= le Mr|la X
i!U eooo hi= I ~ Nka X

60ce Kch'vRT  Nl=  sF N.M! +sfp hl Ml !«5c +cD IM'tcMAGSE
6000 reR I TE { ei 6031! ke   K IN VRT  N! i fr=i rNMAX!
600[ FORMAT  II [2 ~ 1 Xi 32[4!

WK I TF ei 5U21! NST i V [ME
502  F !RMAT   II-!, 4 lf A VER AGF 0 V AND VP FOI4 SEC CND Ha  i' OF STEP ~ 15 ~

Xe'TIME = 'iFe ~ 2 ~ ' HRS'l
OO 6003 W= I, MMA X
Do eOCT N=!.kr~ax

6 C C 7 K 0 K VR T   N ! =   V   N, M ! t V P { f4 e M I ! t' 0 ~ h C Q I M 4 C M A G
6003 w K I TE  6 AOC l I rr   h, hIVR T  NJ h =I hMAX!

«R ITE et 5Q12 ! hisTi TIME
502Z FORMAT   !Hi. 4[HAVCRAGf-0 u aNO U~ FCR SECCNf3 HALf- OF STFP, t5,

5> i ' T I M < = ' iI- 6 r 2 e ' I-IR 5 ' !
DiJ *Q04 M= 1 ikMa x
O I 6008 Nt !rNMax

bo Crf KchVFIT {N! = �   N ~ Hi +UP   Ni fe ! ! >50 ~ >C.! I MAC WAG
fr00~ RR'ITEI ee CO'.3l! Ii   Ki3f4VRT{I"I! ~ h=l ihhiaX!

I  -;TURN
ENG

C SUHjrUUT I'4  KUK [H
Si,' JRUUI IN[ KUR I I-  MAX ST, AT, NTE RM, T 5, VR,DAY, THR, ' MIN!
i CtrMIQN SF { !9e40! rSFP  19i4d! rV{ l9r48! rVP�9r48! r

I U   I 9 i r 6 l i UP   1 9 e 4 6 l t C   I 9 r i 8 ! i H   1 3 ~ er 6 i e [ F I t L IJ   l. 9 r 4IJ !
N P 0   8 5 I ~ M 8 d   0 6 ! r f4 0 3 0   r ! r k 0 ff 0   4 ! i U A Vf   1 9 t 4 r3 ! ~

3 VAV i{  9r40!raRGLIfi ZO! raVN ?C! raRGR ?0! ~ ARGP�0! i
FIL  Zul. Z�u! ~ Hi�0! ~ HP�0! ~ Fi  ZQ!. E�0! i
ko�0!i EP  zrl! ihz�QI err ZC! illa�0QCJ ~ ZI8�000!
l f C  liJQr 3

CIMF NS ICN F d ZQ ! i CT  20! iCS�C! iCH�G! iCP{20! iCPl {20! iC90�0!,
I CX<{ZJ!,CNU ZO!,CR{ZO!,G�0!,uQDE�OI,TI TLE�Q!
Ri AL L INFN < 40! iL [NEP  40! it I fefi H  40!
I ATA OLAhKt QOTi STAR/ t ~ r t' /
hTERfk=17
f30 1 6 J = I i i4 T f R MI

16 RfAD� ~ 18! Ir I'ITLr  Jl ~ 2 J!if PI J!rHIJ J! ~ f{J!rfP J!ef0 J!
[8 I-fIRMAT  [2,44,3F5 3e 3F5ell

ro 30 J=!rNTERM
30 READ{5,le[i [,W{ J!,CT  Jl,CS< J!,CH{J!, P< J!,CPl{Jl,C90 J!,cxl t J!,

2CNU{J!e CR   J! ~ 40i3E  J l
101 FORMAT�2,F lc.7 9F3.0.[ I!

DO 175 J = 1 iN TFR4I
1 75 Rf AQ�r 176! Ir TITLE   Jl ~ HL  Ji rtL  J!

176 FJJRMAT l [Ze A4 ~ Fe 4rF 7 I!
WR ITE <6r 29!

2'9 FORMAT<!HI ~ / ~ 5xr'T I 0 A L C I' N S 7 I [ U A N T P A R A M f T't
1' E T E R S'3
WRITE� 99!

99 FURMAT   / r 1 5X i NEWPORT ~ i6Xt PROV[0 ~ 9Xt FIR [ STOL r 15X t ARGUEMENT ~
I 35Xr'NODE'!

WRITE et 120!
120 Ff3RMAT<5X ~ h AMF. r5X ~ 3< H ~ 7Xt E e 5X! t SPEEI3r t5Xt T ~ 4X ~ r Sr ~ 4Xt H ~

I 4Xi iP r i4xi Ple ~ 3Xe 90 i3Xt rX< e3Xi NU t3Xr Rr t2Xt FORMULA !
DO 121 J= lthITCRM

121 WRITE ei 122! Ji TITLE  J! ~ 2 < J!ef[ J! ~ HP  Jl ~ EP{ JltHB< J! iEB<J!thf J!r
1 C 7'< J ! t C 5   J il e CH   J il t CP < J ! ~ CP 1   Ji r C 90   J ! t CX I   J! ~ CNU  J ! t Ck   J! t �OOE < J !
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Fi K««hT  X, I
f RITE e«17
F  ' R }«A T   / / «
««RITF c «17
E f'R««AT   x X

L79 J=l
Ni' ITE e« iff
F  '}KM hv   2 X «

««AC= 57 2««57

122 '« Ix
7!
10X«
6!
' Nh'1

0!J ~
[2,1
I«; 5

177

} «,sx.'f-' . 7' '[ ' !
PM
T [TLF   J ! «I'L  J! « � L  J!
x ~ 4v«2x«i   .4« xvF c. 1 !

178

179
L E}0

YK
YR! ij i T'j 57

65 ~

! .'j T ' i p
YR! ~.. i I i

0
~ i' 0+
hY!/
2 5
AY«T
/6.!.
0

>00
0 '«. '2or. r

i-.. t 1 i ['! /c 0 ~

�   1 } v . I v /- . 00 2 } ~ c. I ! « / 7 ! / 6 4 ! - 3  . ~ -'« I 5 92 + ' T

«0. 7 .yahoo I+   . Ci.3 ' ! «I Th+2 ! /" 4 '+4AF}h y««0 «/ f«A0!
+  109 ~ 03 '-. O�3V«2 I } AZ I! /Rn !+6 9 ~ 1 �3<LT
1+  L. 719+ ~ Ci�45hZ I ! «ZT! /}«4'i

4+307. F
*2T+ .0v? .7 ! «ZTs«? I /RA0+hn>a{360,/Khi!!
- 3 . 0 3 5 6 'i + c c S   h 'j !
00-0 S [h{ 2!

!
/2.!
[2
/2.!
  1.0
CL«}8
[
  .�
SIN 

/CF}S hl/2. !

E}N- �59. L82 �34.142 .CCgl«'2 c j«'ZS! /RhiJ 31 41592+ZS
R P =   3 3 4 . 3 2 8 «-   1 u 9 . 0 3 2- . 0 I 0 3 4 + 2 5 ! «'2 S ! /R h 0 «. 6 9. I. I 5 0 3 + ZS
CS[=0 ~ 91370-0,0 356 9«'C[! S�il!
S}{I=5 QRT   l. 00-C >1««2!

} Yf<= YR /4 i
} i:AY= �3.0
F I Y«t= '« I Y'i
r-'f!h Y= L46 l ~ I
I F   F [ YK ~ F i-' ~
F f:h Y= L«32- ~
G I! h Y = G L' 4 Y + '

IYPKRIYK«L
}i  i-[YK ~ CT ~

{ l R ~ l'J ~
T! !v

~CAY= CChY + 1
i i3 I'«T I il 0 E
; b Y=-.AY-i.i
'. C AY= G«:AY- 1
2>=   CCAYtt F«
ZT=CCAY/ '4'

1 =24. C f.«.h 0
7 /= T~K+ I i« I S
I 3=1«},!. 0/4 A
T4= Tl-l./*J

43=   ~ !9. l.. '~
nhf.=ZT~�0v
I F = 4h i
!bt= AAP-  ««
b«-f= [2 79. CS /
/v= [ 334. 320
AK I=   2 31.?2
hhS=ZT4 L33o
[ ! � AAS
h Ah= nh 5- I 5
AS= I 270 ~ 45
C S I = .! . 9 1 3 7 0

I=StJR T   1.
3 3 ! = Sf«f I / C S [
h [ = A T A.'{   T h I
Txl 12= SIN AI
 . [ N I 2= 1 ./ Ts
Tf«ff«2= S IN   hx}
Ax I= AN � 4 T hn',
b n} fJ = h T 4 h'   1
AP CAP= AP -AX
AKA NV= SCaT
AR C AP= AT A f« 

�«2x ~  FE ~ ~ }.x«Fe l«lx! ~ 2x«FN«5«2x«9 F3 0«2X!«�!

'Li;'~i E'i Ri'i!NLAI Y ' !

/CC6 nx/2. !
I i! 8 3«F' T'xl 4 2 ! 4 T h«f   0 ~ 64 « I 2 + T NN2 !
3 ~ Ti'«N 2!-A TAN   i. ~ 64412+ ! Nn!2 !

12. o l TN I?hh? ! +C . 6   2. +Ai«C AP ! + 36 ~ +TN12 «44!
? ~ + AP C A P ! /   f T vi I 4 + «' 2 / e. � C Ff S   2 ~ «'4 PC AP ! j !
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TN I= SN I/OS I
B [= b Tbhl  TN [ l
TNI 2=5 lh!  B [/2+! /C"IS  8 [/2. !
CTN I 2= 1 ~ /TN[2
TNN2= 5 [N   BN/2 i } /CU S   BN/2 ~ !
BXI � BN ATAN� JI883¹TNNZ} ATAN [0 ~ 64 t}Z¹TNN2!
Bh!IJ= ATAhi   l.0168 3«Th!N2 !-A TAN�  G. 64412¹'INNZ!
HPC AP= AP- RX I
HH CAP= AT bhi   5 IN [ 2 ~ «BPCAP ! / t  . TN I Z¹¹Z /6. -CC S Z ~ «BPC AP! ! !

BNU= BNU
IIO 32 J= 1, "I TERM
ii  J !=0 ~ CC
IF J ~ FJ ~ o! CI, T I 60

TO
60 BBhU=BNU

I;hIU= ATAN  � IN   I ~ «BI !«5 IV  Bh'0! !/  SIN  2 ¹B[ l ¹CO5 Bh!U! «0 ~ 3347! !
L5 IF  J.EQ ~ E I Gu 10 66

GU TO 70
66 awh.U=BNU

B hl V= J 5 0 ¹ C T b N     5 I IiJ [ n [ } ¹ ¹ 2 ¹ S I N   .. '¹ R N L } ! /   5 I N   B I } ¹ ¹2 ¹ C O 5   2 ¹ B NU l +
0-0727! }

70 0   J}=C I'  J }«Tb+C5 [ J I ¹AS+CM  J ! ¹AM+C P   J l ¹AP+CP 1   J! ¹AP1+C90 [J I «90 ~ /
ZHA»+CX [   J ! «Bh I+CNU[ J l ¹BNU+C 8 [ Jl ¹BHC AP

n  J!=W J !/IJbi0
AHJ~  J!=W J l¹TI JG  J!-E  J!/HAO

AHGL3  J l=w  J }«14+0  J ! � I. [   J ! /HA»
AHGP[J !=w  J }¹TI+0 J ! � EP  J l/FAO
AKGB [J !=w  J !¹T[ ¹G  J ! � Ed  J I /kAI'
I'NU= BBNV

32 CUhl T INUE

SZi SA iP I ~ S li TZ
FA�!= I 000

  7B ! MZv [ZNZ } rN2s MUZ ~ hlU2«
Fb�!=COS A I/Z l¹¹4/0 9154

M4
FA13!=FA  2!¹«2

M6
FA�!=FA Z!¹¹

�15! L 2
Fb  5 }= FA  2}«AHA INV

ZT= [
AP=  
bN=  
C5 I=
SN[z
TNI=
A[=A
TN[2
Th,h,2
bhIU =
bx I =
AP CA
AH A I

G C A 'r t 13 4
334 ' 326
259elBZ
0 ' 9 1370
SORT I 1.
SN [/CSI
TAN � Nl
=SIN�  A I
= 5 [IiJ  AN
AT AN   1.
AN-AT AN
P= bP-AX
NV=SCRT

V!/36525.
+  109.C32-.01034«2 1} ¹E [! /HAO+69, ll503¹ZT

[34 142 ~ 002 1¹ZT I ¹ZT l /HA ! 31 41592«27
� 0 ~ 0 35 69¹C J'5  A N!
CC-C 5 I¹¹Z}

!
/2 ~ ! /COS  A I /2 ~ !
/Z ~ ! /COS AN/2~ }
018!J 3¹ TNhl2!-AT AN   C ~ 644[2 ¹TAIN2!
  I I'1683¹ThJN?!-4 TAh!  0 ~ 64412« TNNZ l
I
�.� LZ. ¹ TN I Z¹¹2}¹C CS  2. ¹APCAP! «36 «TN12¹¹4l



  75! ~ 1. 0 1
FA�!=SIN�  A [! v'C~IS  A I /2 ~ !vv+2 /C 3BOO

�? 7!
FA�!= SQff I   . 89C 548 IN [ 2 ~ V'A I ! +4CV-0 ~ 60C I V'SI N� ~ +41 ! X'CDS ANU!+0 1006!

N   4 [ ! v' v' 4+ 2

A L C L'
~ I HR ~ T M I fv
TF.RVAl = ' »F
F 3.0!

V E 5

STOL ' i28X e 'PROV[ DLNCE' !23 ' » 33X» 'BR I

24

l»v I ~ !!

I!+T+APOP 
I�T+Af GB 
I ! v'T 2+ARGL
! eT+AR N  [ !

[! !+SP
I ! !+Sf>
8  [! !+SLB
!+5

�35! KZ
I- A I 8 != SQk T   19 ~ 0444 <5 I
OQ 40 J= 1,NTFRvf
JJ=NODE J !
F2  J != FA  J J ]
C2= 1.OO
C 3=60» 00
Yf'= 3 ~ 0
Tv 0 ~ OG JO
CAV=DAYi »
wR IT E a» !8!
f-DPMAT lf- , 5X, ~ T I
wR [TE�»?2! c3e Yke'!AY
FORMAT  /,5X ~ ' T IME [N

I ' Hk= »F3 Cv fIN= ~
wR ITE[5» ZJ!
FORMAT  /, I BX, ' fv F wPOk T
wRITE� ~ r4! VP
FIIRMAT �3X ~ F4 I ~ r FT» !
wR ITE� ~ 26!
FORMAT  ZX» 3  I » 36  ~
I'flf 50 K= 1» 39

INFN K ! = PL ANK
I I fvEP K!= BLA! K
L IK E 8 I a ! - BL AM
NHk= lf}OC ~ /AT
OO 25 J= l»MAXST»NHR
5=0 ~ O
Si. P= O.OOO
SP=O 0
51=0 0
T 2= T-l ~ /6 ! r
GO 21 I= 1 vNTERM
SP= F 2 [ I ! 4!IP   I ! + C'!S   w 
58=F2  I }4HB  I!icos[ w[
SL 8=F2  [»Z l }-COS w 
5= F2  I ! 42   114cost w  I
T IDEN =5
1 IOtl8 =SLB/3 ~ 0
1 [OEP =SP
T[DEB =Sf3
LINEN �0! = DDT
L INEP �0!=DU[
L I NEB   20 != DOT
KN=   T IDEN /YP ! +19 ~ + 20 ~
KP= T IDEP/YP�19 +20
KB= TIDEB/YP!w L9 +20.
L [NEN KN!=STAR
l INEP  KP != STAR
 . INEB  KB! = STAR
T=T+CZ
L= J-1
wR ITE � ~ 52!  L INEN  K!»K

. 7702~SIN A[ !*~24COS�.4ANU! i.0981!

3 ~ O>5X,' Y[hR=' »F3 ~ 0 vv DAY=' »F4.0 ~

=lv38! ~  [ INFB K! vK=lv38! v  I INEP K! vK=lv38} rL
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[ INFN  KN >= BL hh K
I I' h E P I K P > = I! L A NK
L INEB K 8! =BLANK

25 Cf!NT INVE
52 I- JkMAT l 2Xi 1144[ i [3 !

T S=O
CCF F :K=Cf''S   ARN   I ! >
IF CCI FCK.L T  ; I GI! TO 11
l>if TI! lc

!. I !S=C Zl
lZ CCI ECK=ClJSI WI I J+T5+Af>N  I J !

BCI:ECK=B[NI w  f!»>TStARN  1»
I- .l E  @= A I AN I 5  MI CK ZCCIIECK ! 4 I 2. o2 Z  o. 283 [8 >
f s= T 5- F f' I- f C K
f  F T f I R N
rNIO

r
C SIJI f»JUT h>E I![V>-I

S IJ 8 8 iJ II T I f»  E C [ V F    > Mh X > M M h X >
CI»M'JI St�9 ~ 43! >SEP[19t tt!>rV[ l9 ~ >8! VP l J>48! r

I  I   I 9r 48 ! > L P I 1 9 > Off > i C   I 9 ~ 4 8 ! ~ M I 19 e v 8 I e I I- [ F. L I!   1 9 ~ 48! >
2 SBO e>!,» JIJI 83},N !ff I�!,M[I !OI v!,UAV  i [9,48>,

V 4 V 0>   19 ~ t ii I ~ AK   iL 8> I 2 0 ! > 4 R N I 2 0 !, AR 0 tf  ,." 0 ! > A i 0 P   20 ! ~
f L�0>i 2[20! ~ M8 Z>!>ihP ZCJ>LL�0! i E{ZO! i
5 P { 20 > s EP I 2 I ! > �  ZO I ~ W  20! ~ 2 f 4 { 10C 0 I i 2 I 8� OQU! e

o Z I . I 10'� !
I'.I YF NS I iN Ni!  40 !
WRITE[6,5!
f O 1 N=1, h>4 AX

1 NC h, I=N
wR[TF� ~ 4 J  NOi  N> ~ if= I ~ NMAX!
OLI 2 M= I, MMAX
KI-AC[5.3>   lf-IIEL > N,I >,N= I ~ KMAX!
OO 10 N= 1 s NMAX
N >J 0 I iw ! = I F I 8 L 0   N > M !
[f INBO N! f0.2! Nl!>O N>=0

10 C !NT [NUE
wRITE�+ 4! M ~   [FIELIJ hrM! <h'=1 ~ hMAXJ
Orf 2 N= I NM AX

2 >  h, M!=FL�4 T NB[! N! >
R E T  J R hf

3 FORMAT�2[2>
4 Ff!RMAT i[I- >[2>3X>3ZI2>

F Cff {AT  lf-1 e lOX> 2>HWATER LE Vf L'~ IN FI ELOl
Ff!RMAT  1>.0 ~ 2>' Mi3Xr32�!
ENO

SUBRDVT INC F lf D
SU >ROUT INE F INO  M INO ~ N {NUif4MAX > hf AX~MI NIJDyNI NDDy NSECT!
LDG CAL START
COMMON 5E  19148! > SEPI 19i tB> ~ Vl >9>48! >VP  19 ~ 48! ~

1 U�9 48! UP  lV 48! C l9 48l Hl 19 48! IF ILLO{19 48J
N BD{ 85! . MBD  85 !,Ni!BD�!,MDRD{ 4!,VAVG  19 48! ~

3 VAVG�9,48! ARGLB�0> ARN�0! ARGB�0! ARGP�0!
4 f L   20! 1 Z�0! o HB{ 20! ~ HP{ 20! t EL{ 20! ~ F �0! s

Ea  ZQJ, EP  20 !, FZ  20!,W{ 20!,2 [A  laf>0! .Zl 8�000!,
ZIC�000!

DD I J=l INSECT
NBD{ J !=0
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<LCC

Ahl0   MFL FF EQ. M! ! NBD  h UM! =

e Ah D ~  LRIGe EQ ~ M! } NBO  NUM! =
LNHDI NUM! +10000000

IF  I  N Gk NBQT!.AND IN LE ~ NTCP! !
INBD  NUM I + I CC000<!
GD TQ 205

501 IF I N .GE.NBQT!.AND. NILE.NTQP!I.AND. NFL EEL EQ.M!! NBD NUM! =
LNBCINUM! +20000000

IF     N ~ GE ehlBDT l ~ AhlD ~  N ~ 4 EeNTQP I ! ~ AND ~ ILR IG ~ EQ ~ M! I hlBD NUM!=
INBCINUM! t2000000

205 NA=NA+1

I

5

6 3 2

14

16

13
12

100

200

>B4' J ! =0
M I NO~ I
M IND=1
DD 2 hi=2 e hlM AX

START= ~ TRilF ~
0 3 M= 2 ~ ViMAX

I P  .Ni!T. START I Gi! TL. t
IF IHINeH!.FQ 0 ~ !GU TO 3
hid .'  N I ND !"+ 100+M BD IN I ND!
START=� .FaL SE.
Gi! TiJ 3
I ~   H  N ~ M ! .,sP ~ i! ~ ! i!U Ti!
h R I. l   N I N 0 ! = M I + "r 8 0 I N I N I> ! + 1 0 0 C 0 + N
iQ TD 6
IF I V eNE.MMAX! l'i! TQ 3
h BUI V IND != M+;ldU  N IND !+I JQCC<N
NI NDr N h: 0+1
START= ~ TRUE ~
 ,QhlT IhlUE
CURT INDE
iJD 12 M= 2 MBA X
ST ART= ~ TRUE ~
i.D 13 h=ZehlMAX
IF I.ND T. s I AR I ! 0 l TD 14
IV   ei he. M! tQ ~ J ~ l GQ TD 13
MiJC .4 INC l=hla 10 3+863 i>i INi'!
START= ~ l.AL SE ~

Tl 1'
It t NeMleVEe0e I GI Ti 15
MBc M IhlD I= tv- I tNR 31 0  IuD I+100cc+v
GU TC 16
IF N VF ~ NViaX! Nil T J 13
V E C   % I NU I = hl t H i3 0   M I l'I 0 j + I 0 0 0 il 4 M
ieil hiC=M IN 0+ J
START= ~ TRUE ~
Cilhl T INUE
CrlhT INiJF
h VVi= 1
IF hlUM.EQ N INC ! Gd T'.J 300
N= N B D   NUeei ! / 1 8 4 e! 0
Mf = NF!D  hlUM!/100 � M~100
4 = hldD hUM !-N+IQUe!Q-MFh!DC
<f LEF=MF � 1
Lk IG=L + I
hlA= I
IF INA. EQ.MINDD!GD TO 210
M= HCIBD  NA ! / I 00000
hlTQP=MQBI  MA! /I 0 � M+10000 -NdilT
NBCT=MQBD hla ! /1000 -M+IUD
IF  NBERht ~ GT ~ I ! GQ TD 5C I
IF I I  N GE ~ NBQT! AhlD  hl.LE ~ NTQP I !
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Gi! I'3 2QC
210 NUM=NUM+ I

GD TD 100
300 CUN T INUE

Nlf M= I
101 IF  NJM EC ~ M INC! GFI TQ 301

M= "BQ  NUM l /1GOG 0
9 F = M 8 0 < NU M ! / I Of! - NI > I C 0
L= >BD NUiM! 8+10 '00 NF+100
iNF Pl T= NF-1
LT CP=L+1
NA= I

ZOI IF  hA EO.N  Nl ll!G l TO 211
N= NI!8 ~  N A I / I. COO OQ
fr L E F = N 0 B C   N A ! / I 0 0 0- N + 1 0 G

I G= NCBQ  NA! /1 0-ii!> 10000-HLE F+ 100
rr 8 E k N = N,".I 8 0   N A ! � Nif' I C 0 0 0 0 � ML E F + 1 0 0 0-H k I
IF  MBERNeGT el ! i>0 Tfl 502
I F   M. G F ML F . Aw 0 ~ H.L F ~ HR I G ~ AND ~ NF BI!T ~

+ ICCCQUOO
Ir <8 erE.HLEF.AVQ. I,LE.MR IG ~ ANDeL TOP.

1 +1QOOQOC
GU T'! 206

5 02 I F < H . C E ~ fr L E I- ~ A 0 0 ~ M ~  . L ~ M R I 0 ~ A N I. ~ NI 8 0 T ~
1 + 2QQCQQOQ

I f' M CE.NIL FF ~ ANJ.M.LE ~ MR IG ~ Ahi! L TOP.
1 +ZQCQCCC

206 I<A=NA+I
ri 0 T� ZG I

211 hUP=NUM+1
GC 10 101

301  .',INT  NUE
WRITE� ' 20l
NHAF=NSFCT/2
l!0 22 J= I rill.AF
J J= J+NHA F

22 Wk ITE�e21l J ~ iNBD J! ~ Mf!DI J! eJJrNBD  JJ
r<R IT E�e 30! N INOe H ND

30 FCkMAT /r ZXr NING = r 12e 5X ~ MIND
2 I FORMAT �X ~ �e ZXe 19r IXr  9e IOX ~ I 4 ~ ZX ~  9
2 0 FORMAT   il' I e 3X ~ 3HNUM 6X ~ 3HNBD ~ TX 3HMBD

k ET URN
ENO

Oi +I 0

FQ ~ Nl PBD  NUH! =HBD NUHl

E 0 ~ N! fr BD  hUM! = HBU  NUM !

Eii! ~ N I MB 0   NUHI HBD   NUH I

EQ ~ Nl HBD NUM! =HBD< kUH!

!rMBO<JJ!

e<2!
rI X ~  9!
e 13 Xr 3HNUMe6X r 3HNBDr 7X r3HHBD!

20

SUBRIIUT INF LEPTH
SUBRUUT NE cEpTHINMAx MMAx!
CCHMON SE�9,48!. SEV  l9,48!,V�9r4V!, VP< 9,48!,
0< 19 ~ 48! UP< 19-48! C�9 48! ~ H  19 48! IF IELO�9 ~ 48! r

2 NBD 85!.HBO< E5!.NOBO�!,MDBD<4!,UAVG�9,48!,
VAVG< 19 48! ARGLB< 20!,ARN�0! ARGB�0! rARGP<20! ~

4 HL �0! Z  20 > ~ HB  ZQ! ~ HP  20! ~ EL�0! E �0!
5 EB�0!rEP�0!rf2�0! rW<20! ~ ZIA�000lrZ 8<1000! r
6 ZIC�000!

D I fel E N 5 I 0 N N H   2 I !
WRITE<6e5!

5 Fl!RMAT�H1 / ~ ZX ' INITIAL DEPTHS  FEET! AT MEAN LOM MATER'/!
OD 10 Meri ~ HMAX
READ�r ZO!  H NrH! ~ N=irNMAX1
FORMAT�OF4 ~ Ql
�0 15 N= I eNHAX
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rCA V

' ~ ZXrt5.2!

1 4MMAX! ! !

15 NH N!=H hlr "I ! +-Cl
IC WRITF�r -0! I ~  Nf. N! rN=[rNMAX!
30 F 3WMAT   IXr [2r IXr ZI [v!

ACC MEAiN TICE
wRI TE a 35!

35 f CRMAT   IVI r /5X ~ i IN IT I A  DEPTHS
IDEI TH'/!
GN I=0
T <v=0 0
DI1 QQ iM= I r irMAX
M=M MAX
CA=M
A= I i 8+0 ~ 8r I 8-Cr ! /8
GN= 0.
0 AV= J.C
DIJ 45 N= l NMAX
ll- V NrM!.FI: ~ J.C! WD TD 41
H I I; ~ M! = F   Ir 'I ! rA
[F   I ~ I FL 0 Nr M l . ci! ~ 0 ! f>LI T0 45
NN= N-I
f.' A V = 0 A V + ~ 5 4   H   fV r I ! r H   N N r M ! I
0 N � - 0!v t I ~

45 Clli'vT INUE
TAV=TAvrDAV
[F  I;N.GT.J. ! I.'A V=I!A V/I N
Il'  fiN ~ FQ ~ 0 ~ ! 4 V=C ~
GNT= GN TtCN
fl0 r6 N= liNMAX

46 fuff fiN! =iH  h, M I> lr! f. ~ 01
wR ITF  * ~ 47! !f ~ I Nff N ! r N= lr NMAX!

41 FDIIPAT [IX, I 2, lX, 19 �,5X,F ~.l!
L'DNVERT TO YAR DS
i� 48 N= l r NMAX

48 H hi AM!=l «eM!/3 ~
50 CDNT INUF

wR I I � ~ 60! GNT
60 I I! fMAT /4Xr ~ Tiflhf NUMdff 8 Df

T A V=. TA V/ GNT
WRITE�r 70! TAV

TC FUIIM AT  / ~ 4X ~ AVG ~ QEP TH F!F LfAY
ff ETUf N
FNI'

OUI!f CUT [hlh CHEl. Y
SUI!RDUT [hi = CHEZ Y NMA Xr MMA X r0 MA
Cf!MMIJN SE < 19r 4 I ! r 5EP   19r48 ! r v  

1 U  l9r48! Cl'I IQ 48! C l9 48! H
2 NPD< 85!,M8I,  8 !,N080< 4!, MQHD 
3 VAVG  19. 4II!, AkGL8  ZQ! AR N�0!
'r HL �0! ~ I   ZQ! r H8�0! ~ HP�0! r E
5 ER�0!» EP   2i3! r F2< 20! r hl  ZC! ~ 2 [
6 ZIC<IDOC!

F I= -3
Df! 5Q M= 1 rMMAX
Fb"-CMANNri< l. + FIT� - Z frM! / 
DA 40 N= 1,NMAX
NN=N-I
MM= M- I
IF  N ~ EQ ~ 1! G0 TO 10
IF  IF I EI D< Nr Mlr EvI ~ 0! GO TD 10

 FF+T I MF5 IJ! AT MiSL ' r40Xr' Avf! ~

I JS IVXI LUJ[NG BfjUN05! r3Xrf4 !I

4N!
Idr48! r VP<19r'r8! r
  [9r4 !! r[FIELD l9r48! r
4! r UA VG I 19 ~ r8! ~

ARGB�0! ARGP ZO!
L<ZQ! r F<ZC! r
A�000 ! r ZI I! � 000! r
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20 If  M ~ Eu. I ! fr'IJ Tu ZC
A= V  Nr MM ! +ll  Nhl ~ MH I
IQ TD 35

3iJ A=f NrH!+f. KNe4!
35 A= {A¹H NeM!+H NNeM!!¹ ~ 25

  N ~ i4 ! = I ~ i9 ¹A¹¹   I ~ /6 ~ ! / F 3¹ I ~ 7 2 !
GB TD 37

I 0  '   hl ~ rf ! = C ~ 0
3 7  .B N T IN u t

CONT INUE
50 CUNT VIUE

kf: TURN
LND

S Lf!Rl! UT INE VEL Ah!A
SUBk ]UT IhlE VELA NA  IVL,  kM5 ~ MAXB I CMAG,WAVG}
CL'M>CN SE   19 ~ 48! e5EP   19e48! r V  19r 48! r VP �9 ~ 48! i

I U�9 48! euP    9,4B! C  19, 48! eHI 19,48! IF IELD !9,48 },
2 4BD 85!eHBU 85JrNUBD�!eHOEfD 'rlrUAVG  1'9r48!e
3 VAV '  L9,48!. A<GLB  2O!,dshf{ ZOl,ARGB�0!,ARG P {20! .

HL   ZO I r Z �0! r fiB{ 20 J eHP   20 ! r EL   20! r t �0] e
E f' { 20! ~ EP   20! r FZ ? 0 ! ~ w{ 2O! eZ T 4 � CCC! ~ 2 I B�000! r

c, Z IC  LOCO!
D  frEKS IrN WUN VR T   19! fed VG{ 19 48!
BATh hlMAXr HHAX/19e 48/

I J 4= I ~ <HAX
DID 10 N= I hlHAX
NM= N � 1
eifH= M-1
IF  MrEO. I! i4M=4
UAvG N.H!=udvG N,M! ¹u KrM!
vdvG NeM! =vAVG{ N,M!+v N,HJ

10 CiliNT  h!UE
IF   IVL ~ FO ~ H dXST ! GQ TD 25
GQ TU 60

25 CfjNT hfUE
F I= 4AXST � IR4 5+1
WR I TE�, 102! CfelAG
f!U 35 H= Ir Mi4AX
DO 30 N= le NHA X
UAVG Nr M!=UAVG N ~ H! ¹3 ~ !F 1

3O K ON VR T  N! = Ud VG   N. H I ¹C MAG
WRITE br LOiJJ H ~   f{QNVRT N! ehf=lrhlMAX!
wR I{8�, LCL!  UAVG Nr H! eN=OL r08!
WR ITE   7e 101 !   Ud VG  I4rH! ~ M=09 ~ 15!
WRITE� ~ 101 I  UAVG{ NrM! I N=16 ~ I'9!

35 CON T INUE
WRITE�r 1C3! cMAG
DB 45 H= lr f"HA X
DO 40 N= lr NMAX
VA VG NeH l=VA VG hie M! ¹3 /Fl
KONVRT  N }=V AVG  Ne H l ¹CMAG
wRITE{6 100! H  KQNvRT NJ ¹N=L NMAx!
wRITE  T. IOL!  VAVG N,M l,N=01,08!
WR ITE  Te 101!   VA VG N ~ M 1 f N=09 ~ 15!
Wk I 7E  Te 101 ! '  VA VG  Nr 8 ! f N=16 ~ 19J

45 CONT Ih!UE
60 CONT IhlUE

100 FORMAT�Xe 12r 5X ~ 20�!
101 FORHAT{8EIO 4!
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102 FORMAT  lt lt //t SXr U MEAM Tll ES EIC ~ 4 /!
103 FORMAT   IHI //t 5Xt V MEAN TIMES t t E10 4t /l

RETURN
ENO

SURt '!UT INE ANLyZ E 'lAXSTtkTLRH ~ AT!
SUBROUTINE 4' L yZ E  MAX ST N Tl PM AT !
CUHHON SE�9 ~ t6! tSCP  l5i ~ t8!tV�9t48! t VP�9 ~ 48! ~

I U   19t48 ! ~ UP   19t 48 ! ~ C   19t t8! tk  19 ~ 48! t F IELO  19 t48!
2 NBO  85! ~ HB ;  iLt5 ! ~ NUBU�! t MDPO  4! t UAVG�St 48! ~
3 VAVG  19,48 I, AR GL8  20! AR N�0! Akt t! �0! ARGP�0!
4 HL�0! t Z�0 ! tNB�0! tHl �0! tEL�0! e F�0! ~
5 EB�0!, LP�J!, FZ�0! tw�0!,Z n�000!,ZI f! IOUO! t

ZIC ICQC!
I.I!tENSION XIA LCI C! ALINE�5!
OATA BLANKtOUTtSTAn/ t t t t ~ t t tn' t/
CT= ~ 33333333

NSIFP=600./AT
l� I J K= l. 61

10 AL IhlE  K ! =f!L AhK

T=Q.
f!f! 30 ft=ltMAXS1tNSIEP

5= 0.
00 2D  = 1 ~ I !

2 0 9= F 2   I ! tt 2   I ! t' C '.I 92   tt   I ! f' I+ A ff h   I I ! + 5
K IA N!=S

30 I= I+CT
ZA"-0.
00 4J N= ltMAKSTtNSTFP
ll= A ~ S� IA N!!.Gl'.ZA! ZA=ARS  j ln N! !

40 ll= Af!S XIA N!! ~ Gf ~ Zh! ZA=ABS X IA N!!
ZS=ZA
We IVE et 45!
WRITE�t 46 !
i>0 *0 N= 1. M A X 5 7 t ~ 5 T E P
AL INL  3l !=OUT
JM= I ~ + Z IA N t/ZS!<30 ~
JS=31 ~ +  X A N! /ZS!+30
AL INE   JM!=S TAR
AL INE  JS!=0<IT
WRITE�t 50! NtZ IA N! ~ XIA N! t ALINE  J! tJ=lt61!
AL INE   JH ! = HL AhlK
AL INE   J 5 !=ft LANK

60 CON T INUE

T=O ~ 0
DO 90 N=I,MAXSTtNSTEP
M=0 0
00 80 I=Itl7

80 58=F2  I ! ~MB   I !+CPS  W  ! t I+ARG !  I l !+SR
f!f! 100 k= lt HAXS T ~ fV STEP
IF  ABS Z IB  N! ! CTtZA! ZA=ABS  I IB k! !

100 IF  ABS X IA N! ! ~ GT ZA! ZA=ABS  XIA N! !
90 T= T+CT

ZS=ZA
WRITE� ~ 45!
WRITE�t 65!
00 110 k= 1 ~ HAXST ~ NSTEP
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AL INE ' I
JM= 31 ~ +  
JR= 31~+ 
AL INE JH
AL INE JS
WR  TEI 6r
hL   kiE   JS
AL INE JM

I I 0 C. Lihl T I H U E

! =DOT
Z I B N !/ZS ! r 30 ~
> IA  N !/ZS! «30 ~
!=STAR
!=OUT
50! N ~ 2 IR N!r XIA hl! r ALINE  J!r J=lrbl!
!=BLANK
!=HLANK

T=O
OO ISED! != 1 MAX& frNS' EP
SP=O ~ 0

OO 140 I= lr 17
I 4 0 S P = F 2 I I ! + M P   I l ri C 0 S t rr   I ! ili T + A R 0 P   I ! ! r- S P

X A k!=SP
150 J= J+C J

ZA=OrO
l'0 1e0 k=ir '«AXS Jr NSIFP
If  ABS Z  C N! J GI ZA! ZA=ABS L IC hl! !

IeO [f-  hHS X h N! ! . GT rZA! ZA=488 X [A N! !
ZS=ZA
Wg I JE br 45!
«R IT E br 48!
Ol; 170 N=!rr AXSTrN STFP
hl rhE S 1!=OOT
JS= II.t X!A hl!/ZS! r'aJ
JM=31.+I Z IC  k !/2 S!.30.
AL INE JM!=STAR
ALINE JS!=DOT
rrR ITF�,50! N ~ Z IC N!, XIA hl!, bLtNE  JI,J=I,el!
AL IhlE  JS !=ALAN<
AL INE  JM ! = BLANK

170 CONT INDE

45 f- lHMAT  Il-lr /r /Xr 'MODEL ~ 5Xr SER  ES tlOXr WATER LEVEL CURVE AT !
4e i-OHMAT �2Xr rNErfPORTr /!
48 I-ORMAT�2X. rPROVIOFNCFr !
65 f fikMAT �2Xr rBR I STOL ' !
50 f'ORMAT �X ~ I 3r 5X ~ 2 F6 ~ 2r 3X! r r I r61AI ~ rI r!

RLTURN
Fhl 0

C SliBROUT INE CHECK NHAX MMAX!
SUdROUT!hit C!rECK hlMAX ~ MMAX!
CCMMO! SE t 19r48 ! r SFP  19r48! rV  ! 9 ~ 48! ~ VP�9 ~ r8! r

I U�9r48! rUP�9 ~ 48! rC�9 ~ 48! ~ H�9r48! rIFIELD�9r48! r
2 NBO 85! ~ MBO  85! ~ NOBD�!,MOBD  4!,UAVG�9,48!,
3 VAVG  19 ~ 48 ! ~ AR GLR  20! ARM  20! ARGB �0!,ARGP  20!
4 HI l 20! r Z�0! r HH  20! r HP ZO! ~ EL  ZC! ~ E  20! r
5 EP�0!r EP�0!r F2�0! rW�0! rZIA�000! rZI8�000! r
6 ZIC�000!

DIMFNSICN AL INE  100!
DATA BL ANK DOT ZERO AH AC AB/' ' ' ~ ' ~ '0' r'H 'C' ~ 'B'/
WRITE� ~ 5!

5 FORMAT�  I HI./, 5X, F IELD 0 t AGNOS I IC ~ I
DO 40 M lrMMAX
DO 20 k= 1,NMAX
A L I N F.   hl ! = 8 L A NK
IF  IF IELO N,M! NE 0! GO TO 10
IF t H  Nr M ! ~ NE ~ 0 ~ 0! AL INE  hl!=DOT
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GN TT! 2 Cl
I0 CLlhT INV F

AL INE  NI = 2 ER0
!F   h t N ~ H !, F. 0 ~ 0, C ! A L I ll E   N ! = A H
IF  C N,M! ~ E0.i>.0! AL INE N!=AC
!F  I' NiS ! t 0.0 ~ O.ANC ~ C N,H! ~F0. 0 ~ 0! ALI NE IN! =Al3

20 CONT INUE
NRITE e.30! I, ALINL N!,N=I,NWAX!

30 FUPHAT  IXv �i 2Xi'30 A I ~ IX! !
00 C0NT INUE

BE TURN
LNL'
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Pi,g. C-l. The interior computational field for Narragansett Bay. Grids
assigned the number 1 represent water; those assigned the
number 2, the presence of en open boundary.
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Fig. C-2. Depth field for Narragansett Bay.
mater depths in feet.
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