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ABSTRACT

Numerical methods in the form of a digital computer model were used to simu-
late and study the tide— and wind—induced circulation in Chandeleur—Breton Sounds ,
which form a bar—built estuary southeast of New Orleans , Louisiana . The model
output agreed very well with current observations taken over a 6—month period at
.5 widely spaced stations in and around the estuary . The responses of the model
estuary to average, tropic , and equatorial tides were studied in detail.. It was
found that the estuary exhibits low current speeds , on the order of 10—20 cm/sec ,
except in some of the shallow entrances through the Chandeleur Island chain , where
speed reaches 50—60 cm/sec for short periods. Surface elevations were found to
have an average tide range of 60 cm at the northwestern end of the estuary and to
increase in range to 90 cm during tropic tides. The range in the southern part of
the estuary was about 15 cm less at all times. It was also shown that the estuary
responds directly to an applied wind force and that the expected set—up of the
surface is in the downwind direction. The current field is only slightly affected
by representative local winds (order of 10 percent). The input to the estuary
comes primarily from its northern and southern entrances. These entering tidal
wave forms were simulated by two Kelvin waves, which had a resultant form that was
found to be in close agreement with the computer model.. Furthermore , it was shown
that total energy in the estuary is relatively low and that kinetic energy is
typically only one—sixth of the potential energy during the tidal cycle. Only
about 25 percent of the energy advected into the Sound is dissipated by bottom

• friction , but the time—averaged energy balance is dominated by the dissipation
term. The unsteady energy content term <~ El at> is about 25 percent of the
advective and dissipative terms in the time (tidal) average .
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INTRODU CTION

The primary objective of this study was to use numerical methods in the form
of a digital computer model to simulate tide— and wind—induced circulation in the
Chandeleur—Breton Sounds estuary and from this information to draw conclusions
about the physics which control the estuary . It was also intended that the model
be easily adaptable for use by other investigators in studies of other applicable
areas . Both objectives were met.

To accomplish the latter , the model was programmed in such a way that any
investigator could use and/or modify it to suit his own purpose without the usual
requirement of mastery of computer programming and , as is often necessary, a com-
plete systems analysis and reprogramming effort. Basically, the model was formu-
lated with a main computing scheme program and a number of subroutines , each of
which isolates the treatment of the parameters that usually vary from OflL study to
another. By this means changes are made easily, and concern about their impact on
other parts of the model is eliminated .

The computer model was also formulated so that other investigators could
control the use or non—use of several terms that apply to the basic equatiqns .
These terms are convective inertia , Coriolis , bottom frictio’~, and wind stress.
Their use is governed by an input card requiring only a one (1) for “use” or a zero
(0) for “omit.” One card ’s inputs are also used to control wind speed , direction ,
and start and stop times, as well as spatial grid size and time step increment
size.

The main problem , reaching the point of being able to draw meaningful
conclusions about the estuary ’s controlling physics and in a general sense
describing the characteristics of the surface elevation , current flow field ,
energy balance , and possibly applicable theoretical wave forms , required
nunu~rical analysis for practical reasons . The area is simply too large to cover
adequately with any program of comprehensive data collection and analysis , and
fortunately there were just enough data available for use in verifying a numerical
model.

A model developed by Leendertse (1967) was modified for this study . The
modified model was first tested for computational accuracy and stability. This
procedure is of prime importance in selecting one model over another. The test
involved input cyclic sine curve tidal data so that it was known that the model
output should repeat itself at cyclic intervals. It did , with surface elevations
within about 1.5 to 2 percent and current velocities within 10 to 20 percent of
full—scale values.

The foregoing test is basically a verification of the numerical method used
to represent the hydrodynamic differential equations. The model was then tested
against real data as verification of the theoretical assumption and formulation .

1k • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The test data were currents observed and recorded at 14 widely separated
• (spatially and temporally) stations in the estuary . The data were taken in 1968

by the National Ocean Survey ships Marmer and Ferrel. The model was run with
input predicted tidal data for the periods of data collection , and the output was
compared with that at each point and at combinations of points. The test or
comparison was quite favorable and is described in the body of the report.

The effect of the individual terms mentioned previously was determined by
running the model alternately with and without each term in succession. The
effect is i.n terms of both magnitude and spatial orientation and is also
described in the body of the paper.

The model was then run with input predicted tidal data that represented
average , tropic, and equatorial tidal conditions. In this way, the study
provided information on the average , high, and low energy conditions that could
be expecned during a tidal cycle .

Plotted output of the surface elevation and current flow fields under these
conditions served as the basis for a descriptive analysis and characterization of
the estuary . This description was aided by use of co—range and co—tidal diagrams
that were made from the model data.

Generally, tides at the northern end of the estuary led those in the south
by about 1 hour. Tidal ranges were also greatest in the north and northwest. The
range in the north during tropic tides was over 90 cm and during average tidal
periods was about 65 cm. At all times the range in the north was 10 to 15 cm
greater than in the south.

The current flow field diagrams showed essentially two systems entering the
estuary , one from the north and one from the south , and converging at about the
center. This circumstance and the co—range and co—tidal lines suggested two
Kelvin waves. Theoretical wave forms and currents were computed for two waves of
this nature that started at each end with representative wave amplitudes. The
ordinate values from each wave were added until a suitable time lag was
determined for each wave, so that the resultant wave came closest to simulating
that shown by the model to be in effect. The comparison was very good ,
considering the highly idealized theoretical wave forms, lack of applied fric-
tional effects , and a straight channel assumption (which is not the case in the
estuary). In fact, it is a fair assumption that these wave forms do exist in the
estuary .

Total energy and energy flux were also computed from the output of the
model data. Comparison was made between the computed energy flux for the estuary
and the net sum of the energy input through all entrances , minus the energy

• dissipated by frictional velocity . The energy study showed good overall diurnal
balance; an excess of energy entered on the incoming tides but was dissipated by
friction on the outflowing tides. Total energy peaked about 1 hour after high
tide , similarly was at a minimum about 1 hour after low tide , and was a rather
symmetrical function about these times. Total energy was found to be primarily a
function of potential energy . Kinetic energy , however , was twice the potential
energy at the mid—tide maximum cutrent flow periods , and , although the current
speeds are generally small , frictional energy dissipation was sufficient to
maintain the energy balance.
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BACKGROUND

The Chandeleur—Breton Sounds estuary was studied because the area is of great
environmental and commercial value and study of its physical and dynamic character-
istics should add important information to the growing body of knowledge concerning
the hydrodynamics of bar—built estuaries.

The estuary is located east—southeast of New Orleans (Fig. 1). Obviously
there is considerable commercial interest in the area from the aspect of fisheries
and shellfish industries. Numerous oyster beds are to be found in the region. The
current flow field is certainly of importance to these interests because any bed
area is affected by the flow over it , in terms of both potential nutrient and
pollutant transport and also the potential high— and low—energy areas. The latter
is most important in bed maintenance and small—boat operations . The oil industry
has invested heavily in the area , both in offshore drilling platforms and pipelines
and in efforts to maintain the environmental protection of this natural—resource
area. There are several oil pipelines , in fact , that run the length of the estuary .
Movement of these lines and possible eventual rupture and oil spills can be
effected by local currents. Certainly the covering and uncovering of bottom
structures , activities that are important in maintenance , are affected to some
degree by local currents.

Pollution control is not only important but also topical and expensive in
terms of ability to maintain it. For examp le , in 1970 there was an oil spill from
one of the platforms southeast of Breton Island . Many months and much effort were
spent in controlling the spill , and a major aspect was the use of a line of barges
to form a net to somewhat retard the flow and aid in the effort to limit the surface
flow of the spilling oil. Again , flow field information was important in this
application.

Recreational and small—boat interests in the area are also quite important ,
as are , obviously ,  those of the larger commercial shipping forms; It can be seen
from Figure 1 that the Mississippi River Gulf Outlet Channel is dredged across the

• area. Silting in the channel can be a maintenance problem , and knowledge of the
• current flow field is of direct applicability .

Physically, the study area is an approximatel y 80—km x lOO—km , relatively
flat bottomed , shallow (about 3—6 meters), bar—built estuary . Most study effort
has gone into drowned coastal plain estuaries , e.g., Pritchard (1952, 1956) .
Fjord—type estuaries have also been studied , e.g., by McAlister et al. (1959).
Very little , however , has been done on the bar—built estuary ; the exceptions are a
study by Dyer and Ramamoorthy (1969) and another , of local interest , on Caminada
Bay , southwest of New Orleans , by Kjerfve (1973). Very little data (enough ,
however, for testing a numerical model) were available on the Chandeleur—Breton
Sounds estuary. Current data used in the study are discussed later. Salinities
and general information on current flow were found in Murray et al. (l97O~’, Murray( 1972) , and Barrett (1971).

3
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Fi gure 1. Chandele’ir—Breton ’Sound location map .

The study was intended to provide much more information than was previousl y
available on the area , and this objective was achieved .
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BASIC THEORY AND FORMULAT ION

Before any numeri cal model is used , the theory,  assumptions , and formula t ion
should be reviewed . Such a review provides the assurance that the results are what
they are represented to be and gives some framework to the capabilities and
limitations of the model for its intended use .

Several authors developed the basic differential equations that describe
long—period gravity waves in shallow waters . Those most closel y followed in this
presentation are Dronkers (1964) and Leendertse (1967). Both authors carried the
development through to the finite—difference method of solving the differential
equations . The former provided excellent reference to other comparable methods ,
and the latter developed the specific model that was modified , expanded , and used
in this study. Others who have provided similar treatment but generally are
limited to specific models are Reid and Bodine (1968). Youkey (1968), Mungall and
Matthews (1970), Masch (1970), Abbott and Marshall (1910) , Gunaratnam and Perkins
(1970) , and Hacker et al. (1971).

Differential Eq~ations

The basic equations for the flow of long—period gravity waves are developed
from Eulerian equations of motion and continuity at a position (x, y, z) in a
Cartesian coordinate system . The x, y plane is mean sea level (MSL), and both the z
axis and the coordinate of the free surface~ are positive upward . Thus at the free
surface z = C. The three components of the velocity vector are u, v, and w in the
x, y, and z directions .

The equations of motion (neglecting the direct tide generating forces) are:

du 13P 1 x
— = — — — + tv + — —dt p 3 x  p 3 z

3F
c + !— i (1)dt p~ )y 
-u g~~3z

dw 13 1 ’ 1 z— — — — —dt p 3 z  p 3 z

where

p = wat er  density
P — pressure

• g gravi ty acceleration
f Coriolis parameter = 2 w sin 4’
F , F , and F the frictional forcesx y z

5
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and the continuity equation is

(2 )ax ay az

When considering long—period gravity waves, it may be assumed that the
vertical acceleration of water particles is negli gible in comparison with the
gravity term.

Integrating the hydrostatic equation from an arbitrary level to the surface
and then differentiating P in the horizontal directions and using t~he Leibni tz
Rule , we see that

= g ~f ~ dz + gp + 2

(3)

C
= g f ~~~ da + gp .

~~~~
. +z 9y 8 8y 3y

where p 5 is the density at the surface . Under avera~e conditions 3P0/3x , 3P /~y• can be safely neglected because their value_ of —10 dyn~s/cm
3 is somewhat ?ess

than the barotropic pressure gradient of~~ lO ~ dynes/cm 3 .

Data shown in Murray et al. (1970) and Barrett (1971) indicate that the
baroclinic pressure gradient terms are about 1/10 the value of the barotropic terms
and can probab ly be neglected for average conditions over the interior of the
sound .

With these assumptions (1) becomes

p 3Fdu s~~~ 1 x— — g —  + f v + — — — - -dt p 3x p 3 z
(4)p 3F

~Y = ~~ ~~~~~~~~~~~~~~~~~~~dt g
~~ 3y p 3 z

where it can be assumed that 1.

At this point we account for the fact that there are gradients in the
horizontal velocities as a function of depth , vertical density—salinity gradients ,
and bottom friction. Murray et al.(1970) showed severe departures of the density
and speed from their vertical averages to be restricted to thin layers (— 0.5 m)
near the surface and bottom.

Thus it is reasonable to introduce vertically averaged velocity 
components:6
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U = (h+ C ) —h~ 

udz

(5)
V (h+C) -h1 vdz

The foregoing means that the numerical model should be able to give good
average values suitable for a general characterization of the sound ’s surface
elevation, current flow field , energy balance , and wave form. The model , however ,
may not be accurate at a given vertical level, especially near the surface , where
salinities and velocities differ considerably from the average. This is , of
course, the assumption that makes a two—dimensional model from a three—dimensional
situation .

Rearranging (5) as foll ows , we have a volume transport function:

u(h÷C) = udz
—h 

(6 )
V(h+C ) = vdz

—h~

Integrating (4) from the bottom to the surface we have:

C au C C
—h1 ~

-
~~

dz+ _hf V Vu dz _hf - g~~~~d z + f~~~f vdz+
~~~_hf ~-— d z  (7)

with a similar development in the y direction .

Dividing each term in (7) by (h+ C) and substituting (6) into the resulting
integrals and integrating , we have:

fV+ (F
SX Fb

)Ip( h+C )

and simi larly for the y direction:

+ + v~~-~ = - g - fU + (F
5y 

- FbY
)/P(h+C) (8)

where

F = surface , or wind friction force
• 5

7
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Fb 
= bottom friction force

the overbar represents the vertical average of the respective cross—product.

Expanding u = U + u’ and v = V + v ’~ where the primed speeds are deviations,
from the vertical averages , we see that

a uU —  + -i —

with similar relations for the other three field accelerations . Assuming correla-
tions between the vertical speed deviations and their horizontal gradients are
small compared to the cross—product of the mean flow , (8) becomes

+ U ~.!! + v = — g + fV + (F
8 

— Fb )/P (h+ C)

(9)
+ + = — g ~~~ 

— fU + (F
Sy

_ F
by )/ P(h+ C)

The empirical friction terms commonly used to represent bottom friction and
wind stress are found in numerous texts , e.g., those of Dronkers (1964) and
Leendertse (1967). It can be easily shown that the usual quadratic bottom stress
law becomes:

Fbx 
= 

g u(u2 + V 2 )½

p (h+C) C2 (h+C )
( 10)

• ~
?
by 

= 
g V (U 2 + V 2)½

p(h+C) C2 (h+C)

where C is the common Chezy friction factor . Similarly ,  from Dronkers (1964) the
wind friction terms are

F p y 2 U 2 sin c zsx — = 
a ~- x p (h+ C)

( 11)
F p y2 U 2 cos ct

— = 10
p (h+~~ y

where

1.25 x lO~~ is the density of air (gin/cm
3)

a = the wind azimuth from north as used in the model

U = the wind speed at a standard anemometer height of 10 meters as used

in the model

2 .6  x lO~~

8
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In this study, however , y
~ 
was determined from wind—speed—dependent formula-

tion as developed hy Wu (1969) , where

for U~~ > 15 meters/second

y 2
~ 2.6 x 10~~

and for U~5< 15 meters/second

y
~

= 5 x l0~~ (ULO )½

Thus (11) becomes

• 
~a ~

2 u 10 2 sin a
• W = — (h + C )

( 12)

~a 
~~2 U10

2 cos a
• W = ~~~ (h÷C )

where ~2 is now the wind friction factor from Wu (1969).

The basic continuity equation , repeated here ,

• 

~~~~~~~~~~~~~~~~ (2)3 x  3 y 3 z

• is developed with the same assumptions to arrive at the vertically integrated
continuity equation

• C C

~~~~
— f udz +

~~~~— 5 vdz +~~ -~~~ 0 ( 13)
X _h

Using (6) , this becomes the continuity equation used in the model calculations

u(h +~~ 
) +~~~~~ V(h +

~~ 
) +~~~~~~~ = 0 ( 14)

with no assumption of vertical homogeneity or the magnitude of 3w/az with respect
to 3u/3x.

Substituting (11) and (12) in (9) likewise yields the equations of motion
• applicable to the study :

9 
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L = — U - V !.!! — g + fv — 
gU(U 2 + V2)¼ 

+ ~~~~~~~~ 
sin a

3x 3y 3x C2 (h + C) p(h + C)

( 15)

= - U — V — g — fU gV(U 2 + V1)½ 
+ ~a 

y2U10
2 
cos a

at 3x ay 9y C2 (h + C) p(h + C)

Finite—Difference Methods

In this method finite—difference equations are made to represent the partial
differential hydrodynamic tidal equations. The three major problems are to devise
finite—difference equations which will:

1. Converge to the differential solution when the spatial and temporal
increments go to zero .

2. Remain stable throughout the solution , i.e., not be subject to distorted
solutions with unrealistic answers as a result of exponentially expanding the
effect of small computational round—off errors.

3. Be economical in terms of computer time versus versatility in the number
of parameters that can be considered in the problem .

Finite—differnce theory , development , and application to problems are
covered extensively in the literature , e.g., Forsythe and Wasow (1960), Bramble
( 1966) , Van der Houwen ( 1968) , von Rosenberg (1969), etc. Dronkers (1964) gives a
detailed example of the explicit system used by Ransen and then by Reid and Bodine .

All the systems are bui l t  from various methods of app ly ing the basic f i r s t
and second (if necessary) derivatives in finite—difference form. The basics stem
from considering a continuous function u(x), with two values separated by a
differential distance dx. Then

u (x + dx) = u (x )  + (x )  dx

But when discrete differences ~~x are used , the left and right sides are not
exactl y equal .  The exac t relation using ~ x is then a Tay lor series:

u (x + tax)  = U (x )  + (x)  • tlx + (x )  • 
(t~x)2 + (x)  •

X 
dx2 dx 3

When considering equally spaced points the series may be written as follows for
points:

10



x i+l x~ +~~ x

and

Xj 1  = X
1 ~~~X

u i~~1 u. + (
~) x + (~

) ~~~ 
+ ... ( 16)

= — (
~
)
~ 

~x +(
~

) 
~~~~

— _ (
~

) k~ . + ... ( 17)

The f i r s t  derivative is found by rearranging ( 16) :

(d ’
\ = 

U•~~~ U~ :f ~~\ ~~ — 

~l8’
~ dx l .  ~x ~ dx 2J .  2\ / 1  \ 1.

The second derivative is found by adding (16) and (17)  and rearranging but
will  not be recorded here because it is not used in the t idal  equations (14) and
( 15) .

The error in using (18) is in the order of the f i r s t  term that is truncated
from the series . In this case the second term is truncated (containing x) ,
therefore the analog is referred to as onl y f i r s t—order  correct .  A better  analog
is found by subtracting ( 17) from (16) and rearranging :

( d \  = 
u. ÷l 

- u~ _~ - — ( 19
~ dx J. 2~ x \dx3) . 6
\ I l  3.

This anal og is second—order correct and is centered on the point x1. Both
are conditions that contribute to convergence . In the solutions devised by various
investigators already cited , this analog is used in both space and time by

• centering on even , odd , and half values (either plus or minus) of i.

The next question , of stability , according to most authors is difficult to
• define. An example illustrating the idea (Forsythe and Wasow, 1960) is as follows :

Original differential equation : — = 0

Finite—difference form: u(x,t+k) = 2u(x,t) — u(x,t—k)
+X 2 LU ( x _ h ,t) — 2U (x ,t) + U(x—h ,t)J (20)

where X k/h 2

U (x ,O) f (x )

u (x ,k) 
k g(x)

11
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Then , if onl y one round—off error is introduced , i.e . ,  u (O ,k) = c, instead of zero ,
such that

0 for x ~ 0

f (x) = 0 f (x )  (21)

c/k f o r x O

then the growth of the error of substituting (21) into (20) can be seen from a table
given in Dahlquist ( 1954) :

t
5K 256 —1536 4432 —7920 9541 —7920 4432 —1536 256
4K 0 64 —288 616 —780 616 —288 64 0
3K 0 0 16 —48 67 —48 16 0 0
2K 0 0 0 4 —6 4 0 0 0

K 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0

—•-J. x

—4h -3h —2h -h 0 h 2h 3h 4h

It can be shown from a numerical analysis of the differential tidal equations

that stability in some schemes can be assured if the time and distance increments

stay within certain relative limits. In the Reid and Bodine (1968) model followed

by Hacker et al. (1971), as with Hansen ’s model (Youkey , 1968), this criterion is

1~S >%~~~ax

where
grid spacing

lIt = time increment
g = gravity acceleration
h = depth

Sobey (1970) compared the stability of four systems , those of Reaps , Reid and

Bodine , Abbott , and Leendertse . Because the latter two schemes are implicit , they
are shown to be stable under all AS/lIt conditions.

This factor is most significant in making the decision of which finite—
difference system to use. The Reid and Bodine system is good , but for the
Chandeleur—Breton estuary the stability requires the following :

Assume size 20 x 50 miles @ 1—mile grid = 1000 points
Assume maximum depth h = 12 meters , 1 mile = 1600 meters

From (22) lIt ~ AS/(gh /2) ½

~ l600/ ( lO x 6)
— 200 seconds

where lIS, At , g, and h are defined above . Thus about a 3— to 3½—minute time step

is allowed.
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For the effect  of an hour ’s change in tidal input , the program wil l  have to
cycle 17 to 20 times, and for 1000 computational points over a 21— or 24—hour tidal
period this seems to require an excessive amount of computer time . The tradeoff ,
however , is that the implicit scheme of Leendertse , for examp le , requires more
computational steps at each point than does the exp licit scheme of Reid and Bodine .
The lat ter  is not a serious problem for a large di gital computer.

The question of economical computer utilization is a moot point . It is
solved most simply in most cases by ful ly utilizing the computer available to the
investigator, and each computer has vary ing characterist ics, such as total memory
capacity.  Brief ly , therefore , the computational method selected for use and
consequently the number of options open to the scheme may , in fact , be dictated by
the limitations of the computer.

Implicit numerical schemes require more computer memory than exp l ici t  numer-
ical schemes but are more versatile and overall require less computer time to
arrive at the same areal system solutions .

The author fortunately had access to a UN IVAC 1108 , which in terms of
computer memory capacity and computing speed presented no l imitations to any of the
p lanned capabilities of the modified Leendertse scheme selected for a computer
model of an estuary .
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COMPUTATIONAL MODEL

General Description

The f in i t e—di f f e rence  computational scheme developed to model the surface
and current flow fields of the Chandeleur—Breton Sounds estuary is basically that
scheme developed and discussed by Leendertse ( 1967) .  Wherever possible , the coding
in the author ’s modified program was exact ly  the same as that used by Leendertse so
that  interested investigators mi ght make easy reference and comparison . Major
revisions were made , however , in the organizational logic.

The shear length of finite—difference equations and a listing of the modified
program make inclusion of it in this report impractical. However , a brief
description and comparison of Leendertse ’s program and the modified model are
warranted .

The model , as diagrammed in Figure 2, is arranged so that there is a main body
program and 15 subroutines , the last of which is a plotter routine . This
arrangement allows one tc easily find and modify any part of the program without
unwittingly affecting another part. This is often a major problem to an investi-
gator who is attempting to modify an existing program to suit his needs , which of
course is the common case , since no computer program can be used without some
modification on such problems as modeling similar but uniquely differing estuaries.

As shown in Figure 2, the primary blocks and subdivisions function as
fol l ows, and the following definitions are understood:

SEP = surface elevation (from Leendertse ’s original symbol for zeta
prime)

UP = east—west velocity component
VP = north—south velocity component (similarly from Leendertse) for U and

V prime

First time step :

Section 100 — Implicit computation for SEP and UP
Section 200 — Explicit computation for SEP and VP

Second time step :

Section 300 — Implicit computation for SEP and VP
Section 400 — Explicit computation for UP

Upon completion of the second time step computations , the resultant values
for both time steps are averaged [in the output subroutine (PRINT)] for each grid
point , a procedure that gives , in essence , a time—centered finite—difference
approximation to the appropriate grid—point—centered values.

14
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COMPUTATIONAL MODEL
Main Program

Section

L 100 Implicit Comp. - SEP,UP
Time
Step 1

200 ExpUcit Comp. - VP

300 ] Imp licit Comp. - SEP ,VP
Time

Step 2

~ 400 Exp licit Comp. - UP 
j

Subrout ines
1 INPUT Calls Input Subroutine s
2 KURIH Reads in Tidal Data at Known Point s
3 DIVE Reads in Locations of Land (0) & Wat er (1)
4 FIND Locates , Codes , & Counts Water Secti o ns
5 DEPTH Reads in Water Depths
6 CHEZY Reads in Chezy Coefficients
7 WIND Wind Stress Routine
8 INVAL Writes Out Initial Values
9 PRINT Main Pdntout , Pr int , or Plot Rout ine

10 OPEN Computes Open Bound Water Levels
11 T EADY Computes Steady Flew Boundary V.Ioc ity
12 OVFLO Computes Overflow Boundary Ve locity
13 OVFLD Sets Overflow Threshold Evaluation (D)
14 PLOTM Prepares Data for Plotte r Routine
15 MAINP Main Plotter Routine

Figure 2.~ Identification of main units in the model computer
program.

15
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The computing sequence is as follows :

In section 100, values (SEP and UP) are computed for every grid point on a row
from left to right (west to east), row after row , from bottom to top (south to
north). In section 200, the value of VP is computed for every grid point on a
column from south to north , column after column , from west to east.

Similar computations are performed in sections 300 and 400, but SEP and VP
are done in section 300 and UP is done in section 400, whereas the sequence is per
column in section 300 and per row in section 400.

This alternating routine is most important inasmuch as it is actually the
factor that controls computing stability in an implicit scheme and thereby frees
the model from the restrictions of the grid and time step ratio , as discussed
earlier .

To further facilitate program modification , all program steps (there are more
than 1000 lines in the main body program) are numbered in consecutive order and
according to the section they are in. The steps are also exactly the same in the
comparative sections 100 and 300 and similarly in 200 and 400, except that
appropriate U and V terms and step numbers are interchanged. For example , step 103
compares to step 303, and step 203 compares to step 403.

Capabilities and Options

Input

Model adaptability per easily varied input parameters. Other than major
sections of input tide , depth , boundary condition indicators , and friction factors
(all of which will be discussed), the input variables that allow the model to be
adapted to another estuarine environment are all listed prominently in the first
few steps of the program . In each case the change is only that of a numerical
constant.

For example , one—number changes are possible for the following :

1. The number of time steps for which one wants to run the program
2. The grid spacing
3. The time step span (number of hours , minutes , or seconds)
4. Mid—la t i t ude  of the area (necessary onl y for Coriolis  terms)
5. Several maximum dimension values
6. Control for output : listing (0), printing (1), or both (2)
7. If wind is to be considered , the time step on which it is to begin and the

ending step , as well as the velocity and direction

From that point on, since the constants are given variable names, the program
uses the new values and the investigator need not trouble himself with tracing
through the whole program for other steps where the constant is used in computa-
tion . Subroutines are called in automatically and where applicable by the main
body program.

~oundary condition options. The computational model’s first subroutine has
two prime functions. It calls in the input data subroutines in the proper
sequential order , and it starts the computations by ca l l ing in a few data cards

16
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that provide output area identity (in this case , Chandeleur—Breton Sounds) and
control numbers for each boundary point . These numbers allow four options to each
coordinate direction of each boundary point :

0 if closed (solid boundary)
1 if open (tidal input)
2 if steady flow (stream input)
3 if overflow (marsh flooding)

Both the steady flow and overflow subroutines are additions to Leendertse ’s
program but will not be discussed because they were not used in this study.

In addition to the boundary condition numbers , a group of data cards are read
in with blanks (Os) or ones (is) for every point in the computational matrix. A
blank indicates a dry—land point or a boundary point where input values are known.
The is mean the model will compute all required values for that grid point. It is
this simple arrangement that allows an investigator to easily vary the size and
configuration of the area that he intends to model. For example , the model may be
run with a group of points representing an obstruction entered as Os. A second run
with the Os changed to is will show the effect of removing the obstruction . The
points used in the computational grid can be seen in Figure 5.

Depths. Depths at each grid point are brought into the progr~.n via the
subroutine DEPTH . Within the routine and before entering the main—bod y program for
computations , the depths are converted (In this case) to meters (the basic unit
used in the computations , although output is in centimeter units). Conversion at
this point is only a matter of changing the constant , thus allowing two things:

1. Depths can be entered in whatever units are convenient
2. The investigator need not search further to verify the effect of a unit

• change on computations

Chezy friction factors. The Chezy friction factors are entered in a manner
similar to that of the depths , via subroutine CHEZY, per Leendercse (1967).
Considerable discussion is given by Leendertse (1967) and Dronkers (1964) to
correct empirical formulation for this value . It is a depth— and roughness—
dependent formula with empirical constants. The correctness of choice , of course ,
is determined by the output of the model. Several formulae , all giving about the
same results for the Chezy friction factor (C), were tested.

The following formula was used in the model:

C = 16.3 Ln (100 h/d)

where
d = 5 = bottom roughness in centimeters
h = depth in meters

Tides. Tidal heights at all open boundary grid points are determined in a
subroutine called OPEN . The inputs to this routine , however , are the tidal
heights , which are brought into the program through the subroutine KURIH. The
latter is based on that of Leendertse (1967).

• The KURIH routine is designed to read in tidal heights for each time step for
each point or tidal station in or near the model area for which the values are
known. For the Chandeleur—Breton area it was most convenient to read in values
from six tide stations . They viii be identified in a later section . It is

17



possible , of course , that tidal constituents could be read in for various stations
(if available or known), and the routine could be reprogrammed to compute tidal
elevations for the required stations and time increments. The routine OPEN only
requires getting values as stored by KURIH , not having any part in their creation .
In the Chandeleur—Breton area , not enough of the station constituents were avail-
able , ergo the decision to read in values at half—hour intervals for all stations.

The OPEN subroutine is the one routine in the program that must be sty led for
the project area . Essentially, this routine sets up extrapolation and inter-
polation formulae to create tidal heights at each open boundary grid point on the
basis of the values at known points as established in KLJRIH . The present
configuration for the Chandeleur—Breton area shows several examples of linear
interpolation that could be followed easily, but any degree of sophist~cation is

• possible . In any case , the programming requirement is quite elementary nd should
not present a problem to another investigator .

Winds. Leendertse ’s (1967) model did not include wind input , but he did
discuss it as an option . The modified computational model does include wind .

The basic wind theory and formulation (12) are adapted from that of Wu (1969)
and are identified in the subroutine WIND . As mentioned earlier , the only program
inputs required are the wind speed and direction and times to start and stop the
wind. The model is presently set up to accept input wind speeds in miles per hour ,
the common unit of measurement in climatolog ical records. The program converts to
meters per second for computations.

Originally the model lacked stability when winds were entered or stopped
suddenly but was stable if winds were entered at the first time step and allowed to
remain until the end of the run . This instability was eliminated by incorporating
a simp le linear ramping routine in the wind subroutine that allowed winds to be

• entered or stopped at any given time .

Basically, the model monitors the time steps , and when it reaches four half
time steps preceding the given start or stop time step it begins to enter or end the
wind at each of the next four half time steps in cumulative increments of the full

• U10 value . Because a half time step is 0.5 hour , it takes two time steps or 2 hours
to fully ramp the wind in and out of the program. This , in fact , would not be too
far from natural conditions , the exception being the sudden passage of a weather
front .

Computational term options. For analytical purposes one may run the model
with or without any combination of the four following terms : (1) Convective
inertia (or non—linear acceleration terms), (2) Coriolis terms , (3) bottom fric-
tion , and (4) wind forces. Control of these options is quite simple . The first
four input data card variables listed in the main body of the program require only a
value of one (1) if the term is to be used or a zero (0) if it is to be omitted. The
investigator need not trace the terms through the main—bod y formulation (which , as
mentioned earlier , is over 1000 lines) inasmuch as the programming operates on
these original control numbers and will automatically include or delete the terms

• wherever they appear.

Data

Observed field data——currents. The observed current and tidal data used in
this study to evaluate the validity of the model are located at the positions shown
in Figure 1 .
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Most of the data was collected and made available by elements of the former
U. S. Coast & Geodetic Survey , now referred to as National Ocean Survey (NOS).

The current  data at the locations shown were obtained during their Missis-
sippi River Gulf Outlet survey , ergo the concentration in that area . Although the
data are limited , they are the result of a major collection effort in the estuary
and show clearly the value of a good computer model simulation .

The data were taken by two ships (USC&GS Ferr el and USC&GS Marmer) over a
period of 6 months in 1968 . Both Geodyne and Roberts meters were used , and where
possible one meter was suspended at a depth of 4.5 meters and another at 9.0 meters.
An index to the data is shown in Table 1. A l l  current data include direction in
degrees and speed in knots.  Roberts meter data were in the form of graphical plots
from hourly observations of both direction and speed. Geodyne meter data were in
the form of an IBM listing for observations at roughly 10—minute time increments.

The 4.5—meter and 9.0—meter currents at a given point generally agreed in
direct ion with  speed wi th in  5 cm/sec (0. 1 k n o t ) .  This agreement , of course , is
quite supportive of the assumption that a vertically averaged current vector
adequatel y represents the current  f i e ld , as is done by the computat ional model.

Detailed inspection of the data revealed several facts:

1. It may be noted from Table 1 that  data were not observed simultaneously at
all fourteen stations hut simultaneous observations were taken in groups of about
three stations at a time .

2. Fortunately, the simultaneous observations were taken at stations
differing wiaely in position , and each group happened to cover a different period
in the monthly tidal cycle. This situation will be amplified in a later section ,
but essentially it offered the means by which the computational model could be
given a rather comprehensive verification .

3. Unfortunately, the data , as will be shown later , were not of high
quality . The readings appeared ragged and not representa t ive  of a smoothly flowing
and progres sively changing current . This circumstance , of course , raises consider-
able speculation as to the detailed quantitative accuracy of the computational

• model when comparisons are made for a given point and time .

• Tides. Tidal heights used to pulse or drive the mode l as input to the open
bounds were predicted tides , derived directly from the Tide Tables (U.S. Coast and
Geodetic Survey , 1968) .

Predicted tides were used because sufficient observed data were not available
for the period during which all the current data were observed. The Corps of
Engineers , New Orleans District , was able , however , to supply a limited amount of
observed data for 1970 for a station at Gardner Island . Comparison with predicted
values indicated that the correlation was quite good .

• Proceeding, then , on the assumption that the predicted tides were represen-
tative of the area, the moon ’s ephemeris data were correlated with that of the tide
table for a year ’s period . In conformance with the foregoing , semi—monthly tides

• occurred near new or full moon but always near rnaximum declination . Apogee and
perigee were not consistently effective .

The monthly greatest dail y range difference , however , always occurred near
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Tabl e 1

USC&GS Current Data

Station Depth Survey Dates (1968) Tides Meter Ship
No. (in) Start End

2 4.5 9—04 10—03 E C
3 4.5 9—20 10—07 E C F
4 3.0 4—09 4—08 T C M
5 1.8 9—18 9—26 E R F
6 2.7 7—27 8—14 A C F
8 4.5 & 9.0 8—16 9—03 A G F
9 4.5 7—25 7—28 A C F
10 4.5 4—28 5—06 T C M
12 1.05 8—07 8—24 A R F
13 4.5 & 9.0 9—17 10—03 E R F
15 4.5 7—27 8—05 A C F
15 4.5 8—26 9—01 A C F
18 4.5 & 9.0 8—21 9—07 A R F
19 4.5 & 9.0 8—21 9—10 A R F
20 4.5 4—19 5—05 T G

Note : C = Geodyne meter E = Equatorial
R = Roberts meter T = Tropic
F = USC&GS Ferrel A Average
M = USC&GS Marmer

maximum southern declination , which of course is about the same an~u1ar distance
below the equator as the latitude of the Louisiana coast is north of the equator .
Brief ly, maximum angular eccentricity was achieved.

The maximum daily range difference throughout the year (1968) occurred about
10—13 June , when the moon was full , at perigee , and near maximum southern
declination .

Lowest tides always occurred when the moon was at about zero declination (on
the equator).

In order to represent the model area during periods of minimum , average , and
maximum daily tidal range, the tide tables were scanned for data covering the
periods of current observations and for the significant periods of equatorial ,
average , and tropic tides , respectivel y. As it happened , current observations were
taken at several stations simultaneously at each of these significant range
periods . The effects will be pointed out in a later section .

The computational model was driven by predicted tidal heights , at 0.5—hour
intervals, from the six stations listed in Table 2. The table also shows their
relative phase lag . Input tides will be listed as they apply to later sections of
the study.

• Wind . Observed wind data were not available for the period during which the
NOS (USC&GS) ships Marmer and Ferrel recorded current data. Therefore , repre—
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sentative wind conditions were obtained from climatolog ical data.

The actual figures used were the approximate average monthly wind speed and
direction. It should be noted , however , that wind speeds are not hi gh in the New
Orleans area , averag ing only about 2 or 3 meters per second . Noting the criteria
and formulation of Wu (1969) as presented earlier , one would expect l i t t l e  e f f ec t
from these low—velocity winds . To emphasize the effect , therefore , the model was
run with 10 rn/ sec winds . The e f fec t  will  be discussed in a later section .

Depth. The water depths at each grid point were scaled from large—scale
charts applicable to the pre—Camille conditions of 1968. The charts were USC&CS—
1267 , —1268, —1270, and —1271. A small—scale representation is shown in Figure 3.

The rather uniform depths should be noted , since the model water surface
elevation and currents wil l  be shown to have distinct patterns that are not readily
indicated by the hy drography.  Points to note are the following : Basically the
whole estuary inside the island arc is rather f la t , the channel depth being about 5
to 6 meters. There is a smooth , uniform gradient to the marsh side (west) but a
relatively abrupt rise to the island arc (eas t ) .  Three channel scours exist , one
on each side of Breton Island and one outside (north of) Chandeleur Island .
Outside the island arc the bottom drops off  rather uniformly to about 45 meters in
the southeastern corner of the model area .
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VERIFICATION OF MODEL ’S COMPUTATIONAL ACCURACY
AND ACCUMULATED ERROR CONTROL

The first question to be resolved in the use of the model was whether or not
the computation scheme introduced any significant errors over a tidal cycle , or
whether the model could be considered truly representative of the input conditions.

Real tides from the six input stations were not conducive to this test
because , as discussed earlier , they vary from day to day in period and range .
Instead , a representative magnitude and period were determined for each station ,
and tidal curves were plotted as sine curves. The data are given in Table 3. In
this way it was known that at the end of one tidal cycle all input tides had
returned to their starting values. The output of the model , therefore , might be
expected to return to its starting value . Additionall y, as is to be expected with
any model of this nature , a certain number of time steps (computing cycles) must be
run in order to overcome the start—up effect.

The model was run for a 2½—day (60—hour) period , and hourly outputs of
surface elevation and currents were obtained. Selected output plots are included
as Figures 4 and 5. Figures 4 and 5 show Contours which , when compared , verify that
for surface elevations , after the model had been run for a period of 36 hours , no
significant error was being accumulated and start—up problems were forgotten .
Similarly, Figures 6 and 7 show contours that upon inspection verify that no
significant error in current speed and direction was being accumulated.

Actuall y, examination of all the data sheets showed that start—up effect was
beginning to disappear after only 3 hours and that by 15 to 18 hours the match was
within 5 percent of full—scale surface elevation values and within 5—10 percent of
full—scale current speed values. It can be concluded , therefore , that start—up
effect is just about totally eliminated after the initial day ’s computational run .
Therefore, after this period the output of the model is reflecting reliably the
direct influence of the input data .
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I

VERIFICATION OF MODEL ’S SIMULATION ACCURACY
(MODEL OUTPUT VS. OBSERVED FIELD DATA)

Having shown that the model is computationally accurate , the most critical
requirement was to test it against real data for true accuracy .

Dates of current observations , station number , and current tidal type are
given in Table 1. From this table and Figure 1 , where the stations may be located ,
one can see that ~uring each of the four data—collection periods the combination of
stations is different. They are also separated by considerable distance and are
each located in areas of specific interest in the estuary .

These facts not only allow 15 straightforward comparisons of model output to
observed data , but they also provide information for comment on the following :

1. Each of the four groups of stations contains one or more stations outside
and concurrently inside the estuary (assuming the Chandeleur Island—Breton Island
arc to be the boundary).

2. The foregoing allows comment on the effect of shallow or deep water or
open sea compared to the enclosed estuary .

3. In each group , one or more stations is in a high and another is in a low
current velocity location .

4. In each group there is a station near a boundary (open or closed), and
there are others several grid distances out from the nearest bound .

5. Observations were made during periods of low tidal range (equatorial
tide— —22 September 1968), average range (27—28 July and 23—24 August 1968), and
finally maximum daily range (trop ic tides——30 April—i May 1968). The tides for 22—
24 August 1968 are included as Table 4 because they are the input for several tests.
The remainder are not included. To perform these tests , the model was run using
tide and wind conditions applicable to the observation dates and times. Note , for
examp le , in Table 4 that the average range is about 0.45 to 0.60 meter and the
period is about 25 hours, and for tropic tides the range is 0.75 to 0.9 meter and
about 0.15 meter at equatorial range.

Working from the output data listing (which, though tedious , was simple and
efficient), component velocities were extracted and tabulated for each hour . The
synchronous observed currents were reduced to components by an auxiliary program.

A plotter program was written to accept concurrent field and model data and
plot the results , as shown in Figures 8 to 10. In some cases the comparisons were
excellent , but others were disturbing . Definitive reasons for the differences are
not apparent , but the following suppositions and discussions are warranted.

These plots show that the field data are quite ragged . Local high—frequency
disturbances may have been in effect; however , some effect seems attributable to
instrumentation malfunction . Actually, raw data were represented by smooth least
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TISBLr 4
INPUT TIr’AL ~~ TGHTS (Fl)

AVERAGE TIDES 0030 2211’JG — 1200 ‘14t~UG’6R
TIDE STATTONc

-ITEP DAY H0UR A C 0 E F

1 1 .600 •4~ O .070 .600 .74o •~ 8o2 1 1 .700 .520 • Q4o .660 .~~5fl .700
3 1 .760 .620 1.001) ,750 •07~ .~~40(4 

~ 2 .860 .720 1.o7c .830 1• oq0 ,oso
5 1 • 05ç~ .7~ f) 1.i~~n ~~~~ 1.200 1.060
5 1 3 l.(”+0 •o70 1 .~~2o .~~q) 1.300 1.220
7 1 1.1~40 .~~I-0 l .2~ 0 1.0~ fl 1.~~00 1.3~ 2
Ii 1 4 1.230 1.050 1.360 1.150 1.’20 1.472
9 1 1.320 1.13 0 1,420 1.230 1.630 1.530

10 1 5 1.~~Ou 1.720 t .14~ c’3 1.32 0 j~~73n 1 ,700
ii 1 1.’~8J 1.7s- 0 t ,~i20 1.400 j • C’ L4 0 j~~~3fl

1 6 1.~.60 1,’~t’0 t .’-~f,fl 1.450 1.020 1.PRfl
13 1 1.C.20 1 , ’& .>O 1 .5P~ 1.52~ “.°OO t.~~~fl14 1 7 1.6~ 0 1.4s30 1,600 1.5R~ 2.~~70 ~~~~~
15 1 1.730 1 .~~50 1.~~r’o 1.630 2.130 2 .jfl fl
1-, 1 ~ 1.760 1.SnO 1.~~4n 1.~~60 2.lt,0 7,j~~117 1 1, 789 1 .A40 1,4p0 1.690 2.190 2.1~~f l
1~ 1 . 1.790 1.f~eO 1.C~20 1.690 2.~~R0 ‘.180
19 1 1.~~80 1.A~4O 1.350 1.670 2.130 2.120
n 1 10 1.750 t .’’0 1.270 1.~~3’~ 2, 000 2.01s’fl

1 1.72u 1.(’f’O 1.18(i l.Sc~
n 2.~~30 “.P~’0

1 11 l.h130 1,F 3 0  1 ,100 1.~~20 1,°4fl 1.020

- 3 1 1.620 1.570 1.020 1.450 1.~~50 1.R(4fl
- - ‘4 1 12 1.540 i.~ io .s’o 1.370 ~~~~~ 1.740
-~5 1 1.450 I.’~.+O .ooo ~~~~~ 1.~’40 1.6~.0

1 13 1.360 L~~f0 .75E 1.20fl 1.’20 i.~~~)
- -‘ 7 1 1.27u 1 ,2r.O ,66 1.120 1.~~0O 1.4c.fl

1 14 1.l7~ 1.2o0 .5~ 0 1.030 1.270 1,~~~ I~’
- 9 1 1.07u 1.110 .S0~ .914 0 1.160 1.’30

1 • 15 ..50 1.010 .42fl .850 1.050 1 .123
‘1 1 - .850 $ 1 0  .3~ ° .760 .020 1,010
-:2 1 16 .740 .“lO .?7o .670 .~~00 .°0fl
3 1 .630 .720 .210 .560 .690 .790

~4 1 17 .530 . 620 .i~- .4o° .~~80 .f80
5 1 .450 .520 .110 .4n0 ,47Q •!3fl

.-6 1 10 .360 .440 .103 .320 .‘60 .430

..7 1 .260 .350 ,lflf’ .250 .1~~O .390
•“o 1 10 .200 .250 .120 .1~~° .720 .300
../) 1 .350 .200 .130 .1~~ .150 .230
“~ ‘3 1 20 .120 .150 .1~~0 .100 .120 .170
4 )  1 .100 .130 .230 .100 .100 .~ oo
~~ 1 21 .101) .100 .280 .100 .100 .100
fl 1 .110 .100 .340 .110 .120 .100

1 22 .140 •3 00 .~410 .130 .160 .100
.4 1 .170 .110 .1470 .160 .200 .130

1 23 .220 .140 .550 .220 .“60 .180
1 1 .200 .IRO .600 .280 .35(1 .2(40
3 1 2’4 .36.) .240 .660 .350 .‘-~4fl .330

33



______ _____________ 
.———--,.-———-———-— ‘——• w:.-----—•-—----—- ‘---“•---- - .3

_ _ _  - 

TABLE 4
INPUT TIDAL ‘-‘EIGHTS (Fl)

AVERAGE TIDES 0030 224UG — 1200 24AuG’68
II ’E TI~~ STPTIO’,iS
STE.P DAY HOUR A 

~~
. C 0 E F

“9 2 .~~50 • *fl Q .750 .430 •~~3fl .430

~0 2 1 .520 .370 .810 •snn ,65n .520

~1 2 .580 .L&cO .870 .580 .760 .630
.2 2 2 .670 .520 .940 .6~ fl .880 .75)
-‘3 2 .750 .6r0 ‘1.020 .750 .“90 •P~YI

~(4 2 3 .820 .6C0 1.090 .830 1.100 1.010::s 2 .010 .7€~0 1,150 .890 1.200 1.120
‘ -6 2 4 1,00u ,0’0 1.200 .970 1.310 1.240
)7 2 1.100 .010 1.270 1.040 1.’~00 1.350
.‘0 2 5 1.t~~0 •°s;0 1.320 1.12~ 1.~~0O 1.U6(1
“)9 2 1.260 1.’170 1,330 1.200 1.~-0P 1.580
‘0 2 6 1.3140 1.130 1.410 1.260 1.690 1.670
‘:1 2 1.1400 1.220 1 ,450 j.350 1.’SO 1.750
~2 2 7 1.470 1.300 1.470 1.42~ l.~ 60 1.840
s..3 2 1.530 1, 360 1.49(1 1.470 1.°30 1.000
4 2 ~ 1.580 1,430 1.40’) 1.520 1.990 1,000

L.5 2 1.630 1.400 1.460 1.560 2.fl40 2.033
6 2 ° 1.670 1.530 1.430 1.600 2.070 ?,07fl
‘7 2 1.680 1.570 1.400 1.600 2.100 7.100
‘
~
5 2 10 1.700 1.6u0 1.350 1.590 2.090 2.fl~ (1

- ° 2 1.68u 1.600 1.200 j.57fl 2.~~7O 2.050
‘

- 2 11 1.660 1.hrO 1.22r. 1.53~ 2.030 2.0~~O/1 2 1.62u 1 ,590 1,150 1.480 1.070 1.940
‘2 2 12 1.5N0 l c r,o 1.070 1.410 1•~~70 1.050
73 2 l.~~20 1.~~~O 1.000 j.370 j,77g 1.770
“14 2 13 1.450 1,440 ,93P 1.30fl 1.680 1.F.Mfl
7~ 2 1.360 1.360 ,370 1.240 i.~9o 1.6,00
76 2 14 1.290 1.300 .801 1.160 1.~~°0 ~~~~~77 2 1.200 1.220 .720 1.080 1.370 1.403
‘0 2 1~ 1.100 1.150 .660 1.010 1.260 1.310
f; 2 1.020 1.’~6O .600 .30 1.150 1 ,220
-‘0 2 1€. .920 .QoO .520 .860 1.~~6O 1.120

- ( 2 .~ 30 .00 .450 .700 .~~60 1.030
12 2 17 .75o .oco .400 •70~ .~ 6O .920
3 2 .660 .760 .360 .640 .760 .840

c 4 2 i.q .Sso .690 .330 .570 ,~~60 .730
.5 2 • c0() .600 .300 .490 .~~70 .630• 
~6 2 19 .45u .~~50 .300 •440 ,~~80 .550
‘7 2 .380 .~~70 ,.30fl .400 .~~2O .480
L8 2 ~f) .330 .400 .310 .350 .380 .380

~9 2 .310 .350 .330 .320 .320 .320
~~~ 2 21 .300 .320 .350 .300 .~~00 •3fl1)
‘~1 2 .300 ,3n0 ,300 .300 .300 .300
‘2 2 22 .300 .3o0 .1430 .300 .100 •~~00
‘~3 2 .300 .3(10 .480 .320 .350 .320
~4 2 23 .320 .310 .530 .360 .~~80 .3(40
f ,5 2 .35o .320 .580 .390 .420 .170
-6 2 2~ .~~fl0 .360 .650 .‘440 .500 .430
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TABLE 4
INPUT TI~~nL HEIGHTS (FT)

AVERAGE TIDES 0030 22A1’G — 1200 24AUG’68
floE STATIONS

~Tt~P DAY HOUR A C 0 E F

c7 3 .450 .“oO .700 •1490 .~~7o .490

~8 3 1 .500 •‘450 .761) .53” .660 .550
~9 3 .80 .~ C0 .830 .580 ,73Q .650

1-0 3 2 .650 • S~~0 ,~~ofl .650 •P50 .750
1- 1 3 .70u .6111 .050 .721) .~3o .~~50
1-.j2 3 3 .77o ,~‘70 1.000 .800 1.°20 .‘~501-~3 3 .~ 60 .740 1.050 .860 1.110 1.040
1’_ ’4 3 ‘4 ,5Q ,~ o0 1,100 .9(40 1.200 1.130
1~.5 3 1.020 •~ 70 1.16~ 1.000 1.300 1.220
1 6  3 ~ 1.100 .940 1.210 1.070 1.380 1.300
1~~7 3 1.170 1,000 1.250 1.120 1.”60 1.400
1 - z ~ 3 6 1.250 1,070 1.300 1.200 j,c50 1.500
1 9 3 1.320 1.320 1.130 1.25fl 1.630 1.570
11 0 3 7 1.390 1.210 1.360 1.32fl i.~~0o 1.661)
111 3 1.440 1,270 1.3°0 1.35” 1.760 1.740
112 3 8 1.480 1.330 1.400 1.4Ofl 1.~’00 1.000
113 3 1.520 1,”o0 1.400 1.420 l.”60 1.qbo
1114 3 9 1.560 1.’420 1.400 1.450 1.~ 2fl 1.920
115 3 1.580 1.4~0 1.380 1.47° 1.~ 50 1.950
111 - 3 10 1.600 1.4e0 1,350 j.49~ 2.000 ?.“fl0
117 3 1.600 1,490 1.30’~ 1.500 2.000 2.000

3 11 1.600 ~~~~~ 1,250 1.500 2.000 2.000
119 3 1.590 1.500 1.20” 1.~~80 1.°50 1.~~5n1~:0 3 12 1.560 1,500 1.110 1.45° 1,~ 50 1,952
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Fi gure 8. Comparison , real to model currents , station 15.

squares fit , Fourier Series curves; but , though more presentable , the true nature
• of the data was not apparent. The good comparisons with model data tended to look

too good , and the raggedness , whi ch might have partially explained some of the poor
fits, was also lost. The uncorrected data were thus chosen for illustration . In
any event , individual current component values , especially for comparative pur-
poses , Idight reasonab ly be assumed accurate within S to 10 cm/sec (0.1 to 0.2 knot)
at best.

There was little difficulty in discerning curve frequency when the amp litudes
were large , and in some cases , particularly at stations 10 and 15 (the latter is
illustrated in Fig. 8), the model and field data fit rather well. It is noted , of
course , that these stations are located in the main channel and entrances just
north and south of Breton Island , where currents are more pronouced in both
amplitude and direction .

It was somewhat more difficult to discern a period for the low—amplitude
data, but in most cases (stations 3, 5, 6, 12 , 13 , 18 , and 19) the model data
appeared to be a good simulation of both period and amplitude . Figure 9 (station 3)

~.s typical. It was particularly interesting to note that both the model and the
field data showed the rather uniform amp litude and long period that would be
expected during an equatorial tide cycle (stations 2, 3, 5, and 13).
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Figure 9. Comparison , real to model currents , station 3.

Comparisons for stations 2 (Fig. 10), 8, and 9 do not fit well in one
component direction and possibly each for the same reason : all three are near the
edge of the model area . The east—west data for stations 8 and 9 look particularl y
ragged , a situation that may be the effect of a local open—sea disturbance .
Neither this nor what might be a small phase shift could be expected to be
accurately simulated by the interpolation of smooth predicted input tides.

The real discrepancy,  however , appears to lie with the side wall effects of
the model. The poor fit is with the east—west component of station 2 (Fig. 10) and
with the north—south component of stations 8 and 9. In all three cases the problem
direction is normal to the adjacent open boundary . Stations 8 and 9 are on row 2,
wh ich is only one row in from the boundary .

It seems logical , therefore , that , in the same way that a time step lag was
required to e l iminate  s ta r t—up e f f e c t s , the model requires a few grid points ’
b u f f e r  from an open bound before i ts  input e f f e c t  is properly merged. The
comparisons of f i e ld  and model data for s ta t ions  4 , 10 , and 20 , which were taken
during a trop ic tide period , also suggest a boundary e f f ec t  to be the cause of
observed discrepancies. The field data reflect the exaggerated range difference ,
but only station 10 is a good comparison . Station 20 is only one computational
point from a boundary and does not match in i ts  east—west  component. Likewise ,
s ta t ion  20 is diagonall y one point away from an upper and lower boundary , and i ts
nor th—south  component ve loc i ty  comparison is not good .
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Figure 10. Comparison , real to model currents , station 2.

Station 4 is an enigma . It is possible that the input depths in the area are
not too accurate . The field data were recorded at a depth of 3 meters . At the
coordinates for s ta t ion 4 there is a model depth of 6 meters and an atypical (for
this estuary) rather abrupt rise on all sides. Increased model depth does have the
effec t  of reducing current amp l i tude (which is the comparison discrepancy).

In summary , it may be concluded , considering the good comparisons , the ragged
-• f ield data , and the exp lanations for those points where comparisons were not good ,

that the computational model simulation accuracy is quite reasonable .

A caveat is necessary , however. As demonstrated , the model is simulating a
• real area. There are numerous irregular-shaped boundaries. It is the author ’s

opinion that the model is giving a r ea l i s t i c  gross s imulat ion of the area , but
details around edges , sharp points , e tc . ,  may be suspect. This si tuation , too ,
should not be unreasonable to investigators who have worked with this type problem
in that considerable in terpreta t ion is warranted and should be expected in certain
areas . Simulation in essence wi l l  establish rational trends , such as over wide ,
unrestricted areas or even narrow, long embayments. Single points , however , may
remain suspect.

The easiest way , of course , to resolve the doubt , if detail is needed at a
given poin t , would be to model that small area at a much larger scale than used in
the gross model. Input to the large—scale model can come from the gross model at
the points  where confidence in their  accuracy allows its use.
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DETERMINATION OF THE EFFECT OF TERMS

Testing the effect of various terms in the equations of motion was made
possible by systematic app lication of the optional term controls , which are , as
described earlier , a feature of the computational model.

The model was run , except for the wind tests , using tidal data for the period
22—24 August 1968 (shown in Table 4), during which average tidal range conditions
existed. It may be assumed that , had equatorial or tropic tidal conditions
existed , the following results would be somewhat exaggerated.

8asically the method used , except for the wind tests , was to run the model
with as few terms in effect as possible and then to run it three more times , each
time adding one of the three subject terms. From the output listing at a matrix of
every fifth grid point the hour ly values of surface elevation and velocity for two
tidal cycles were then recorded for each run . The tabulated differences provided
the data for the following observations.

Coriolis. The effect of inclusion of these terms was to increase the surface
elevation about 2—8 percent of the full local range . Ranges were 35 cm in the
southeastern corner and up to 60 cm near the northwestern corner of the model . The
actual magnitude of the terms ’ contributions was 1—3 cm (5 cm maximum).

Upon inclusion of the Coriolis terms the surface elevation rose most , about
34 cm on south—to—north flow inside the estuary and only 1—2 cm on the north—to—
south flow outside . Generally these are the directions of the more pronounced
steady and slightly faster flows .

Generally current speed was decreased 1—10 cm/sec (about 17 cm/sec -maximum).
• The greatest effect (5—15 cm/see) was outside the estuary ott the more pronounced

north—to—south flow . Inside the estuary the decrease was only 1—3 cm/sec .

As might be expected when this term was included , generally the currents were
turned to the right (azimuth increase) from 1 to 60 degrees in the rising and
falling tides , when currents were stronger. At slack periods at high and low tides
there were occasional shifts as much as 90 degrees.

In summary, therefore , Coriolis terms can have a 2—10 percent net effect on
surface elevations and current speeds with an expected directional turning effect
of 10—20 degrees or more , provided , of course , that the study area is large enough
in area to show an effect.

Convective inertia. These terms are -iften considered neglig ible and thus
omitted from computing schemes. As the following will indicate , they are not
exactly negligible, but their effect is rather small (at least in this model), not
too consistent , and just about at the accuracy confidence level for the model.
Upon inclu~’ion this term had negli gible (1 cm maximum) effect on surface elevation .
To stretch a point , one mi ght detect a slightl y greater effect inside the
estuary than outside . Upon inclusion of these terms , current speeds generall y
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increased 1— 5 cm/sec when currents were maximum , at rising and falling. This was
not entirel y consistent , however , since this was the case primaril y on the
southeastern end of the model and current speeds decreased 1—3 cm/sec on the
northeastern and northern sides of the model. Upon including these terms , current
direction or azimuth increased 1—24 degrees (currents turned to the right) on
rising tides and paradoxicall y decreased 1—2 degrees on ebbing tides on the outside
of the estuary . Inside the estuary, however , the azimuth effect was even more
inconsistent , vary ing between + 5 degrees on both rising and falling tides at
various points. The maximum azimuth increase inside the estuary was 10 degrees.

In the Leendertsee—type model the boundary conditions for these non—linear
field accelerations are only poorly understood ; desp ite these tests , it is diffi-
cult to gauge the importance of these terms .

Bottom friction. Bottom friction is the major term in the computational
system of equations used to model an estuary and , along with the continuity, local
acceleration , body force (gravity), aid if app licable wind and Coriolis terms , it
should not be omitted in shallow estuary studies.

Surface elevation as a result of including this term was generall y raised 5—
25 cm , which is about 25 to 50 percent of the tidal range . Because the friction
term is primaril y a function of current speed , the term was most effective when
currents were maximum , during ebb and flood tide -s. At the slack of high and low
tides surface elevations on occasion decreased 5— 15 cm , or about 5 to 20 percent of

S full—scale values.

Generall y, current speed was decreased by 10 to 50 cm/sec during maximum ebb
and flooding current periods and on occasion up to 65 cm/sec at low tide when
friction was included.

The effect on current direction or azimuth was not consistent , but it did
cause changes at some points up to ±150 degrees at high tide . Generall y the shift
was clockwise (azimuth increase) by 10 to 50 degrees. The effect was generally
less at maximum ebb and flood .

Wind: estuary response to sudden start and stop. This phase of the stud y was
undertaken to provide information on the estuary ’s response to a suddenly started
and equally suddenly stopped wind , as might be the case in a frontal passage .

In this test it was again necessary to use the input sine curve tida l data
listed in Table 3 so that cyclic repetition could be verified. The same data output
that was used previously to verif y the model’s computational accuracy was therefore
used again as the “no wind” condition .

S A second run was made , with one change . Input cards added a 12.9—rn/sec (25—
knot) or 8.6—rn/sec (18.6—knot) wind blowing to the southwest (240°) down the long
axis of the estuary . Control cards were set to start this wind after a 24—hour
period to eliminate start—up effect , and finall y the wind was stopped after 12
hours and the model was run another day to provide information on settling time .

The first question was whether the wind had reached a stead y state and , if
so , when.

The procedure used was to record the hourly surface elevation , current speed ,
and azimuth at a matrix of every fifth grid point throughout the model. The
differences at each point for successive hours were listed and inspected . When the
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differences no longer changed , wind effect had reached stead y state. Stead y state
occurred ~ day 2, hour 16 , which was 16 hours after the wind had started.

The wind had been programmed to s top comp le tel y a t day 2, hour 24, which
means it began t ’ rsmp out in 20 percen t increments beginning four time steps or 2
hours earlier. PLots cof the stead y—state wind effect (differences from the “no
wind” condition) 3 hours before the wind stopped are shown in Figures 11 and 12 for
surface elevation and currents , respectively. Figures 13 and 14 show the day 2,
hour 24, or first full wind stop , differences. Figures 15 and 16 show the surface
elevation and current difference effects 3 hours after the wind had stopped.

Fi gures 11 and 12 indicate that the model showed the effect of a steady—state
12.9—rn/sec (25—knot) wind blowing down the estuary (240 0). The surface wa~
somewhat depressed in the lee of the Chandeleur chain and rose uniforml y to more
than 20 cm at the southwestern end of the estuary. Currents were shifted to the
right (in line with the wind) about 20 to 30 degrees , and some points showed
comp letel y reversed flow . Current speeds increased more than 10 cm/sec on the
northern edge of the model , graduall y decreased to —5 cm/sec about one quarter of
the way to the south , and finall y increased again to more than 20 cm/sec as the wind
increased its fetch to the southwest. Figures 11—16 were used to illustrate this
effect because so much of it depends on the confi guration of the estuary .

In the surface elevations (Fig. 11) , for examp le , the slope mi ght run up to
30 cm at the southwestern end. _This long—axis wind—induced slope of about 3 x ~ 

6

agrees very well with the 4 x 10 6 f i gure observed for wind set—up by Kjerfve (1973)
in Caminada Bay , just west of the Chandeleur—Breton Sounds estuary.

Figures 13 and 14 show results for the first hour after the wind had stopped.
One can see the immediate leveling response of the estuary as compared to the set—
up attitude shown by the stead y—state wind in Figures 11 and 12. Figures 16 and 17
show that , 3 hours after the wind had stopped , its effect was neg ligible.

In summary, a sudden start and stop to a wind , such as migh t be e x p e r i e n c e d  by
the passage of a weather front , had a dramatic effect on the estuary. it tool< about
12—1 6 hours for the estuary ’s response to reach stead y state in building up to the
wind , but it took only about 3—6 hours for it to return to normal. Actuall y, it was
12 hours before there was no detectable trace of wind effe~ t .
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Figure 11. Wind effect , surface elevation, 3 hours before wind stop .
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SIMULATION OF CHANDELEUR-BRETON SOL’NDS ESTUARY

Average Tidal Conditions

Data input for this phase of the stud y consisted of the average tides in
effect during the period 22—24 August 1968 (Table 4). The output is the -.urface
elevation and current flow field diagrams . The quarter—cycle di -~grams ar- included
as Fi gures 17—24 . The remainder of the hourly outputs are not included in this
report.

Note first the low—tide surface elevation form (Fig. 17). At low tide the
estuary is essentiall y flat; higher water starts to come in from the Gulf on the
north and southeast and out of the marshes and bays , such as Black Bay , Lake La
Fortuna , Eloi Bay , and Drum Bay (positions are referenced on Fi g. 1).

The estuary then fills steadil y to mid range (Fig. 18), at which point the
whole surface is inclined (about 20 cm) from the open bounds to the western
marshes.

Flooding continues to hi gh tide (a rise of about 55—60 cm) (Fig. 19). At hi gh
tide the surface drops uniformly (about 10 cm) from the northeast to the southwest.
The tidal height lags in the marshes but has already fallen about 20 cm on the Gulf
boundary . Essentiall y the estuary may be described as a mound of high water. The
10—cm rise over the estuary length (45 km) is a slope of about 2 x 10 6 which
agrees very well with 10 ‘ values observed by kjerfve (1973) in Caminada Bay .

Ebbing to mid range (Fig. 20), the surface now inclines outward and downward
(20—30 cm) from the marshes to the open bounds .

At low tide the surface shape is again that of the past low , except that the
mean elevation has risen 6 or 7 cm owing to the natural progression through the
monthl y equatorial to trop ic tidal cycle.

One surface elevation noted is an apparent 5— to 10—cm difference in ele-
vation on flooding and ebbing on either side of the Chandeleur Island to Breton
Island arc. Obviousl y the islands have the effect in the model of restricting free
flow and causing considerable set—up on the flooding side . The model may be
accentuating this to some extent , since in reality there are numerous small
channels between the islands.

Looking now at the current diagrams (Figs. 21—24 ), one can c~e a convergence
zone that seemingly separates the estuary into two parts , called Breton Sound and
Chandeleur Sound . The exac t boundary of the convergence zone shifts north—south
from about Comfort to Chicot Islands with the flood driving into the marshes and
the ebb receding from them .

The predominant southwestward and westward Gulf current , with only brief and
weak northerl y periods occurring , was noted.
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Figure 21. Average tides , currents , low tide.
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Figure 22. Average tides , currents , maximum rising.
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The strongest currents come in around Breton Island , ergo the scour channels
shown earlier in Figure 3.

At low tide within the estuary the currents are weak and confused , as one
would expect. Several weak gyres and countercurrents exist , but do not last long.

The incoming tide and current start first from around Breton Island , but by
mid range the currents from the north have become well established and are
beg inning a relentless intrusion southward through the estuary. Note from Tables 2
and 4 that the tides at Lonesome Bayou , at the Breton Island entrance , lead the
rest , but that the ranges are greater on the northern end .

By the time the otherwise normal high—tide slack should have been in effect ,
the currents from the north totally dominated. Throughout most of the estuary ,
except north of a line from Mitchell Island to the North Islands , the ebbing —

currents then ran out to the southeast past Breton Island .

Attempting to correlate these surface elevation and current field patterns
with an identifiable wave form is somewhat speculative , since the model simulates
real conditions , not ideal cases , and several superimposed and inseparable wave
systems are probab ly in effect. A descri ption is given in a later section of a
rather successful simulation by use of two opposing Kelvin waves.

Wind Effect——On , Off, and Along Shore

In giving a physical descri ption of the Chandeleur—Breton Sounds estuary as
shown by a model of its water surface elevation and current flow field , it is
necessary to show the effect of reasonably typical strong winds. To do this , a wind
of 7.0 rn/sec (13.5 knots) was modeled as blowing on the estuary from four critical
orthogonal directions (0400 , 130°, 220°, and 310°). These are the approximate
onshore , offshore , and alongshore directions . To accentuate the effect , tidal
input was from a trop ic tidal period. The tides are from the period 12— 13 June
1968.

As in previous tests , the procedure was to run the model in a “no wind”
condition and then run it again with the same input data but including the critical
wind . The output plots of surface elevations and current flow fields were then
compared. The figures shown to illustrate the jnaxirnum effect are those of the high
tropic tide of the diurnal cycle on which the model was run . Figures 25—26 are the
“no wind ” case , and Figures 27—34 are the wind effect cases. The remainder of the
output diagrams that were referred to in making the following observations are not
included.

The wind directions (040°,130°, 22O~ , and 310 ) are headings , not sources , as
in most climatological tables , and are the approximate axial directions of the
estuary . It is therefore possible to observe maximum onshore , offshore , and
alongshore effects.

040° wind. The 040° wind is a northeasterl y alongshore wind . The effect
generally was to depress the surface elevation of the estuary (Fig. 27) by about
10 cm , primarily by forcing the water Out the northern end past Chandeleur Island.
The downwind water surface slope is not greatly affected , however. Since the
northern boundary was fluid , there was no set—up , but one may observe , by comparing
Fi gures 25 i.nd 26 with Figures 27 and 28, that there is a scooping effect on the
southwestern (lee) end of the estuary. Note the 20—cm set—down in the bay adjacent
to Black Bay , in the southwestern corner of the Sound .
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Figure 28. Wind effect , currents , wind 7 in/sec/04Q°.
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As might be expected , most of the currents that were in opposition to the
wind , i.e., in a southwesterly direction , were reduced in speed , whereas those with
the wind were increased . Cross currents , which primarily run in and out past
Breton Island , were turned only sli gh t ly to be more aligned with the wind . In the
passage south and southwest of Breton Island , currents in opposition to the wind
inc reased slightly.

1300 wind. The 1300 wind is an offshore wind , but the effect is similar to
that of the 040° alorigshore wind. Comparing Figures 25 and 26 with Figures 29 and
30, one may observe that the lee or marsh side of the estuary was scooped out
(depressed) and the surface inclined steadily upward to the Gulf elevation near
Breton Island. l’ne scooping action was most pronounced (10—20 cm) in Black and
El oi Bays , where the wind began its longest fetch for the 130° wind direction . A
sli ght set—up (2-3 cm) was developed inside the Chandeleur Island arc , but only
around low tide . Apparently incoming and outgoing tides were strong enough not to
be significantl y overcome by the wind .

As expected , especiall y at low tide currents tended to align closer to the
wind direction , but there was surprisingly little effect. Speeds of currents
aligned with the wind were increased only about 2—5 cm/sec and were similarly
retarded on the incoming direction. Cross currents down the estuary probably
showed the greatest effect by penetrating farther south as a result of the south-
ward flushing past Breton Island .

2200 wind. Directly opposite the 040° wind , the 2200 wind is a southwesterly
alongshore wind . Unlike the 040° wind , which blew into an open boundary , the 220°
wind blew into the leveed southwestern end of the estuary . Comparing Figures 25
and 26 with Figures 31 and 32, one may observe that the surface elevation behaved as
expected: a true set—up (5—10 cm) occurred in the southwest on both rising and
falling tides. Contrary to the effect of the reciprocal 040° wind , there was a
generally raised elevation at low tide and some slight scooping effect in the lee
of the North Islands and a 10—cm set—up at the southwestern end of the estuary .

Currents responded quite predictably in increasing the wind—aligned current
speeds , decreasing those that opposed the wind and aligning all currents somewhat
more toward the wind .

310° wind. The 310° wind is the potentially dangerous onshore wind direc-
tion . Hurricane Camille , for instance , entered this estuary somewhat along this
direction.

Exactly as would be expected , in comparing Fi gures 25 and 26 with Figures 33
and 34 one sees that there was a generally uniform 5—15—cm set—up all along the
western (marsh) side of the estuary . There was even a small (2—3 cm) scooping
effect all along the Chandeleur Island arc on the estuary or lee side of the
islands .

Currents were affected very little by wind from this direction , except at low
tide at the northern part of the estuary , where the normally weak currents were
reversed as much as 180° to a northwesterly direction .

tn summary , therefore , moderate winds , in this  case 7 rn/sec , cause the
obvious wind—aligned set—up (about 5—20 cm) blowing into a solid boundary , or
scooping on the lee side of a fetch if blowing into an open boundary . Currents tend
to a l i gn themselves with the wind and increase or decrease their speed in
accordance with their relative direction to that of the wind .
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Figure 30. Wind effect , currents , wind 7 rn/sec / 1100 .
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Figure 31. Wind effect, surface elevation, wind 7 m/sec/220°.
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Separate tests have also shown that winds around 3—4 rn/sec have a barel y
discernible effect of possibly 1 or 2 cm in surface elevation differences and a
similar 1—2—cm/sec current speed alteration . At wind speeds of about 2 rn/sec or
less , any effect is negligible.

Co—Range and Co—Tidal Lines

Both co—range and co—tidal lines are of considerable interest to the investi-
gator of any large estuary . Engineers and planners of many types of coastal
structures depend to a considerable degree on knowing where the greatest and least
ranges will occur . A pier ’s location , for examp le , would be ideal if there were no
alongside surges and rise and fall to the tides . Large—scale loading and
of floading operations are economicall y time dependent , and moving ships ’ moorings
to accommodate ships affected by pier motions is time consuming and expensive .
Eng ineers , p lanners , and environmental is ts  in teres ted in p ro t ec t ing  or preserving
a given coastal area , or given a choice of areas in which to establish a natural
refuge , would be considerably assisted by knowledge of these areas of maximum and
minimum range .

To obtain these data for a period of one tidal cycle , maximum and minimum
sur face  elevation and corresponding t imes were de te rmined  from the computer  ou tpu t
data l i s t ings  for a grid of every f i f t h  point throughout  the model area .  The range
di f ference  at each point was plot ted on a model gr id .  Hi gh and low tide lag times
from a base t ime were t rea ted  s imi lar l y .  The r e s u l t s  were contoured and are
therefore the co—range and co—tidal l ines .  Figures 35—37 are the co—range , co—
high—tide , and co—low—tide  l ines for the e s tua ry ,  as shown by the mode l , when
driven by the average tides shown in Table 4 ,

The point or area of maximum range noted on Fi gure 35 is in the v i c in i t y  of
Deep Pass , from Brush to Martin Islands (see Fi g. 1) .

Tropic and equatorial tidal periods were also examined but do not change the
pattern appreciably except as would be expected , i. e. ,  during trop ic tides the
range differences are somewhat exaggerated and during equatorial tides are somewhat
decreased from those shown in Figures 35—37.

It seems evident from the higher ranges shown around Deep Pass and net volume
flow data , which will be discussed in the next section , that the increased tidal
action in this area is a major con t r ibu to r  to the erosion of the S t .  Bernard De l t a .

Finally, one may observe from Figure 37 that the Mississippi River Gulf
Outlet Canal is located in about as reasonable a position as could be expected with
respect to moderate tidal range .

Net Volum e Flow

Fi nall y ,  in completing a hydrodynamic physical descri ption of the
Chandeleur—Breton Sounds estuary , one must consider net volum e f low .

— The volume flow data presented in Table 5 were obtained and summarized from
the model computer output data listings using the east—west cross section (N—24 ,
Pi g. 35). Volume flow f i gures from the data  l i s t ings  for every point along the
cross section for a t idal  cycle were t abu la ted  and summed. The r e su l t s  shown in
Table 5 suggest the following :
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Figure 35. Co—range lines for average tides. Tropic tides show similar
field, but maximum is 92 cm, minimum is 65 cm. Equatorial tide ranges
vary from zero throughout to a similar field with 28 cm maximum and
10 cm minimum.

70

~ 1

- - - -. ,‘— ,.‘-

~

- .-

~

--.----- . ~~-- - - ‘~~~~~~~- - - ‘ - . ~~“-,-31-- ”---—-’-’--’ -



— --3- .-•,‘- -‘ — ~~~~~~~~~~31~~~~~ 3131-’-’~~— — — “313--’-” “~“~~~~ 3--~ —p-.--’- ~~~~~~~~~~~~~~~~ ‘31 -“'‘~‘~‘ -‘_______‘__ ~~~‘~~~~~~~~~~~~~~ _ _ _ _

2

CHANDELEUR-BRETON
SOUNDS ESTUARY

2
Co-Tidal Lines

High Tide
(Hours)

after 5 4 • /
start of tidal cyc le 

/ 

3 2 4

Average Tide / \~~~

I

6 
(

1 
/ 1

324
1/

Figure 36. Co—high—tide lines for average tides . Tropic and equa-
torial tides show similar fields .

71

~~~~~~~~~~~~~~~ _ _ _ _  _ _ _



__________ —3- - -,

FT ~~~~~~~~~~~~~~~~~~~~~~~~ 

-

11

12
CHANDELEUR-BRETON

SOUND S ESTUARY
Co-Tidal Lines

Low Tide
(Hours)

14 
• 13 ..

16
after

start of tidal cycle 
40800. 23 Aug 68

Average Tide

14 J
1
i
7~

s 

I

16 i~ 

/

T:i::E

~~~

,

~~~~~~~~

:i/

~

:! 
/

Figure 37. Co—low—tide lines for average tides . Tropic and equatorial
tides show similar fields.

‘12 

- - - - . --- 
‘-‘- — 3 1- - --  

, ,-•, -~~~ ,- - -,------ — - - - --— - —



~

Tab le 5

North—South Volume Flow across Cross Section N—24

Dates Tide Wind Net Flow

1968 Descri ption Range Speed Heading Direction 1n3 /sec
(in ) (m/sec )  (0) x 10 2

12—1 3 June Trop ic 0.9 7 220 South 3100
12— 13 June Trop ic 0.9 7 130 South 2650
22—23 Sept Equatorial 0.2 2.1 240 South 2540
28—29 July Average 0.45 0 South 1940
23—24 Aug Average 0.54 0 South 1800
12—13 June Tropic 0.9 0 South 1350
29—30 Apr Average 0.48 3.2 330 South 1200
12—13 June Trop ic 0.90 7 310 North 250
12—1 3 June Trop ic 0.90 7 040 North 560 4

Trop ic Tides: Range 0.9 meter

Dates Tide Estuary Orientation Net Flow 4

is/sec Heading Long Axis Cross Axis Direc— me /sec
(0) tion x 10 2

12—13 June 7 220 040—220 South 3100
12—13 June 7 130 130—310 South 2650
12—13 June 0 South 1350
12—13 June 7 310 130—310 North 250
12—13 June 7 040 040—220 North 560

1. There is a net flow across this midline in a north—to—south direction . If
wave ac tion is , for examp le , eroding the northern part of the delta , the littoral
transport of material is southward and probably out past Breton Island . From
energy studies discussed in a later section it is known that the energy flux to the
south is quite pronounced . Basically, energy and volume flow in from all entrances
but flow out primarily to the south .

2. Net volume flow is maximum when the tidal range is greatest and a strong
wind is blowing down the long axis of the estuary .

3. Net volume flow to the south becomes progressively less as a combination
of wind speed and direction and tida l range become more adverse .

4. Net volume flow will , or can , be shifted to the north with a strong
onshore wind , or at maximum by a strong wind blowing northward up the long axis of
the estuary . One concludes , therefore , that a 7—rn/sec wind blowing up the estuary
will balance or overcome norma l tida l drift to the south .
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FURTHER DISCUSSION AND PHYSICAL IMPLICATIONS

Theoretical Wave Form

Attempting to correlate the surface elevation and current flow patterns ,
discussed earlier , with an identifiable wave form was somewhat speculative , since the
rnodel—aimulated conditions are distorted from the ideal cases by natural topographic
and bathymetric features .

To this end, however , profiles were plotted for the locations shown on Figure
38. The north—south (N—S) profile is shown in Figure 39. The orthogonal prof i les are
shown in Figure 40. Below each surface elevation profile are the profiles of the
current speed components in the plane of the profile.

Inspecting Figures 39 and 40, one sees the indications of standing wave forms .
In Figure 39 it appears from the strong north—south current flow, which damps out in a
convergence zone somewhat north of the mid—latitude of the estuary , that the total
wave form is made up of two waves , i.e., one from the northern entrance and one from
the southern. The cross—channel wave forms and currents indicated in Figure 40
suggest a cross—channel seiching effect.

From the co—range lines discussed earlier one recalls the higher ranges on the
west or right side of a strong current entering from the north .

These factors suggested two opposing north—south Kelvin waves. A Kelvin wave
describes the wave form and geostrophic current which , in general , result from the
balance of pressure gradient or slope force and Coriolis force. Basically, in a
Kelvin wave the current runs normal to a wave front that slopes up to the right of the
current (in the northern hemisphere). Following the development of Platzman (unpub—
lished notes , 1965) , the Kelvin wave height (i) and speed (U) are :

= r cos k (x — ct)(x,y,t) o(y)
(22 )

U = U cos k (x — ct)(x ,y,t) o(y)

where C /gh = wave propagation speed
h = channel depth
x = down—channel coordinate
y cross—channel coordinate
b channel  width
t t ime
k • 2 i~/L • wave number
T wave period
- • wave length

- - - rh.. - ‘-~r i a re s  i~ at the canter of the channel , where x = 0 with  
~~~~~~~~ i ~h~- 1~ r~ ction of propagation . Then , letting
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y ’ = y/ ( b/2 )

and

. b f
2~~~ C

where f 2w sin 1 (Coriolis parameter)
c 

~ 
= mean wave amplitude at x 0 (r 

~ 
= half range between +b/2 and

O~~~ —b/2) o y

then

Co(y)  — (23)

CU0(~~) — 
~ C0(y )  ( 24)

Substituting equations (23) and (24) into (22) allows solution of the Kelvin
wave parameters.

To simulate the Chandeleur—Breton Sounds , the grid shown in Figure 41 was used .
It was assumed that one wave was propagated in from the north and one from the south .
The model output was searched for the average tidal input period of 22—24 August 1968
(Table 4) so that representat ive ranges and then wave amplitudes at each entrance

- could be determined. They were found to be

North entrance: ~ = 26 cm‘o(y)

South entrance: 
~ 23 cmo(y)

The hourly surface elevation and current speeds (22) were solved for both waves at
each grid point.

Then , having observed from the co—tidal lines discussed earlier that the
northern entrance tides led those of the southern end of the estuary by about 1 hour ,
the proper time lag was determined between the two Kelvin waves so that the resultant
wave would simulate both the observed surface wave form and the co—tidal  lag. It was
found that when the north entering wave lagged the south wave by 2 hours the most
representative form was achieved. The waves were superimposed by adding the 

~
,x ,y ,

and U values for each wave at each grid point . The resultant wave forms are(x ,y , t )
shown by Fi gures 4 2—45 .

Comparing the elevation contours and isotachs on these figures to the model
simulation for the same average tidal input conditions (Figs. 17—24). one may observe
the good agreement. It was noted par ticularly between Figures 42—45 and Figures 17—
20 that the convergence zones did appear to agree in position and that the slopes of
the surface , both along— and across—channel , did correlate in direction and magni-
tude .

A check of the time of high tide at the northern entrance and the southern
entrance of the superimposed Kelvin wave grid did ver i f y that the tides at the north
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led those at the south by 1 hour , as required in the real es tuary .  One may note ,
however , that the tidal range for the Kelvin wave formulation is over 90 cm , whereas
for average conditions from the co—range lines (Fig. 35) we observed this to be about
60 cm. The d i f fe rence  is not ac tua l ly  too signi f icant  inasmuch as the Kelvin wave
simulat ion was for an ideal case where there were no fr ict ional damping, no
topographic e f fec t s , and no cross currents .

It may be noted further that the currents shown by Figures 42—45 are all
rect i l inear  in contrast  to the flow pat terns shown by Fi gures 2 1—24. The d i f ference
is again the result  of the ideal Kelvin wave formulation , which does not allow cross—
channe l flow . One may note , however , that the convergence zones , as delineated by
the current reversals shown by Fi gures 42—45, match very well with those of the
natura l  state , shown by Figures 21—24 .

It may be concluded , therefore , that current circulation and water levels in
the Chandeleur—Breton Sounds estuary are control led in a gross fashion by Kelvin wave
dynamics as described above. This theoretical model would be even more accurate ,
however , if f r i ct ional damping were added to the analytical solutions .
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ENERGY BALANCE

Energy balance , and particularly the energy dissipation by frictional motions
in shallow seas and embayments , has been a topic of discussion and study for more than
50 years.  Street ( 1917) may have begun the interest with his discussion of —

frictional dissipation by tides. Tay lor ( 1919) , however , with his energy balance of
the Irish Sea , may have created the greates t  in teres t  by showing a simp le wa y to
account for input energies and frictional dissipation, plus a practical application
of the effect  of the moon on the energy balance of a bod y of wa te r .  .J effreys ( 1920)
and Heiskanen (1921) soon tabulated figures that accounted for much of the worldwide
shallow—water—area energy dissipation .

More recent studies have been limited to smaller areas and have been charac-
terized by more detail and less gross approximation . The latter was the characteris—
t ic of the early work .

In chronolog ical order , McLellan (1958) did work on the energy considerations
and par t icular ly  the moon ’s effect on the Bay of Fundy. Miller (1966) discussed the
t idal  f lux versus fr ict ional  method of determining energy dissi pat ion . B lantor i
( 1969) used the methods developed by Ippen and Harleman (see Ippen , 1966) to
determine energy dissipa tion in Coos Bay ,  Oregon . Stock and Filloux (1975) provided
information on the energy balance in widely separated areas , the Gulf of California
and the Adriat ic  Sea. Garret t  (1975) discussed tidal response in gulfs as a function
of the energy input and dissipation . Levine and Kenyon ( 1975) s tudied the energy
balance in Narraganset t  Bay .

The investigation of the energy balance in the Chandeleur—Breton Sounds estuary
adds detail and precision to the foregoing body of knowledge . The area is 10 times
larger than Narragansett  Bay , 10 times smaller than the Ir ish Sea , and gene~’all y 5 to
7 times smaller than all the other areas of study. It is certainly, the shallowest of
al l the study areas and has the lowest energy . It is the one area in the group
subject to a diurnal tide . It has by far the lowest current speeds , and , f ina l ly,
there was considerable detail available so that approximations are not so dominant as
they mi ght be in other studies .

The data for the energy balance came from the model output for the es tua ry ,
with the model run on the average tidal input given in Table 4.

It was possible to compute and determine the energy flux directl y and from an
energy balance between the input energy sources and the frictional dissi pation.

The energy balance is shown by the formula :

3E/3t = E1 
- ED 

+ W
M (25 )

where ~E/~ t = the rate of change of energy in the system
E1 = t idal  input energy f lux  across the boundaries of the system
ED frictional dissipation of energy inside the system
WM the work done on (b y)  the moon on (b y)  the syst em
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Total energy E is given by

E = K E + P E

where XE = kinetic energy
PE = potential  energy

E = 
2 ~ A1 

(h+ ~ ) S2 dA + pg A1 
~~~~~~ (26)

where h = depth below MSL
= surface elevation above MSL

S current  speed
dA = unit  area

The rate of change of energy in the Sound 3E/at was determined directly from
the use of equation (26 ) ; all input came from the model for each grid point on an
hourly increment for a full diurnal cycle.

Total, kinetic , and potential energy for the estuary, which has a surface area
of 3.2 x lO’~ cm2, was plotted and is shown by Figure 46. Total energy E and energy
f lux  aE/ a t are given in Table 6.

Inspecting Figure 46 and Table 6, one may observe t~ie relatively low total
energy (average ~8 x 10 18 ergs) and maximum energy of onl y 17 x 10 18 ergs as compared
to the much larger values for most of the areas considered in the previously
mentioned studies.

One sees, of course , from equation (26) that total energy is a function of
total  area , average depth , current speed , and surface elevation . The Chandeleur—
Breton Sounds averages are :

Depth z 500 cm (16 f t )
Speed 10 cm/sec
Amplitude 10 cm

In most previous studies depths were greater ; e.g., Taylor (1919) used h 6800 cm.
Most wave amp litudes were on the order of 150—200 cm and current speeds were between
100 and 150 cm/sec. One may observe from Figure 46 that total energy for this estuary
is primarily a function of potential energy or the influence of tide level.

A comparative energy balance was obtained by following Tay lor ( 1919) and
McLellan ( 1958) , where , using the time—averaged version of equation (25)

<aE/ at> =< E
1
> —< E

D
> +< w~> (27)

Previous investigators have usuall y assumed <aE/ 8t> 0 and have investigated onl y
the s teady—state  energy balance. This study, however , also determines the hour—by—
hour time—dependent balance and the importance of <aE/ at> in the time—averaged
balance.
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Table 6

Energy Balance

Hour E ~ E t~E/t~t E
1 ~

ED 
(E
I ED

)

xlO ‘~~ xlO 15 x 10~~ xlO’” xlO ~~‘ xlO ‘~‘
erge ergs ergs/ sec ergs/ sec ergs/sec ergs/s ec

— l 7.9
0 6.8 —3.0 — 4.2  —4.2  —1.0 — 5 . 2
1 4.9 —3.8 —5.3  —4.2  —1. 8 —6.0
2 3.0 —3.1 —4.3  —1.8 —2.6 —4. 4
3 1.8 — 1 . 3  —1.8 2 .2  —2.9  — 0.7
4 1.7 0.9 1.3 5.9 —2.8  3.1
5 2.7 3.2 4.4 9.5 — 2 . 5  7.0
6 4.9 5.3 7.4 12.1 —2.1  10.0
7 8.0 6.6 9.2 13.6 —1.6 12.0
8 11.5 6.5 9.0 12.8 — 1 . 2  11.6
9 14.5 5.1 7.1 10.1 —0.8 9.3

10 16.6 2.4 3.3 4 .7  —0.7  4.0
11 16.9 — 1 . 2  —1.7  — 1 . 3  — 0.9 — 2 . 2
12 15.4 —4.6 —6.4 —7.0  —1.4  —8 .4
13 12.3 —6.4 — 8.9 —10.2 — 2 . 3  —1 2.5
14 9.0 —6.6 —9.2  —1 0.2  — 3 .2  —13.4
15 5.7 —5.7  —7.9  — 7.8  —3.7  —11 .5
16 3.3 —3.9 —5.4  — 4.7  —3.8  —8.5
17 1.8 —1.7  —2.4  —1 .4  —3.5 —4.9
18 1.6 0.0 0.0 1.3 —3. 0  —1.7
19 1.8 1.5 2 .1  3.3 — 2 . 3  1.0
20 3.1 2 .5  3.5 3.9 — 1 . 5  2.4
21 4.3 2.1 2.9 3.4 —0 .9 2 .5
22 5.2 1.0 1.4 1.5 —0.4 1.1
23 5.3 —0.4 —0.6 — 0.6 —0.2 —0.8
24 4.8 —1.7 —2.4  — 2 .4  —0.4 —2.8

Avg. (10~’ergs/sec ) —0 .36 1.14 —1.9 —0 . 76
Avg. (ergs/cm2/ sec)  — 1 . 2  3.7 —6.1  —2.4

where ~E/~ t AE/7200, Estuary surface area 3.1 x 10 ‘~ cm ~
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Input tidal energy f l ux as shown by Tay lor (1919) is

Er pg h ~ (S sin a) d~ + f 
~~ 

( sin a) (2g~~ + hS~ + ~S
2) dt (28)

where

S sin a = the current speed normal to the plane of the estuary entrance
a = the direction of the current relative to this plane
L = total length of the entrance
d& differential distance

Other terms are as defined under equation (26).

Fric tional d issipation of energy flux Is:

E~~~~ K f p (29 )
A

where all terms have been defined previously. The dimensionless constant z2 x
is the familiar approximation for the frictional constant.

We can further assume that , owing to the small amplitude of the tidal wave, the
shallow depths , and the relatively small area of the Chandeleur—Breton Sounds
estuary , the moon effect W

M is negligible: Therefore , the energy balance is between
the input energy flux E

1 and the frictional dissipation of energy ED.

To compute these terms, as when computing the total energy E, the variables h ,
S, and a were taken from the computer output listing of the model at hourly

intervals for a full tidal cycle. Actually ,  since all the parameters had been
extracted , ED was computed at the same time as E , KE , and PE.

Energy flux through each entrance was computed separately, but also using the
model data at each entrance grid point. The input energy flux from the major northern
and southern entrances and the sum of the other five small entrances are plotted in
Figure 47. Both total input energy flux and energy frictional dissipation flux were
plotted and are shown in Figure 48. Both are also shown in Table 6.

One may observe from Figure 47 that the major energy inputs are from the
northern and southern entrances. More important , however , is the fact that energy
was still flowing in from the north more than 2 hours after the energy outflow had
begun in the south and more than 5 hours after outflow began from the other five
entrances. Three of the latter are south of grid row N—24, which was used for the
volume flow study discussed earlier . The combined effect of the earlier outflow from
the south and the continued inflow from the north tends to produce the net volume flow
to the south across row N—24.

Inspecting Table 6 and Figure 48 one may make the following observations :

a) Energy advected into and out of system (E,) is,at any one time , usuall y four
times the energy dissipated by bottom friction at~ the same time ;
< IE I/EDI > ~ 3.9.
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Figure 47. Energy input rate from both main and all other entrances.
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b) The left— and right—hand sides of the instantaneous energy equation (25)
are out of balance by more than a fac tor of two only 4 of the 25 hours in the tidal
cycle studied . On the average , the change of energy content (left side) is out of
balance with the right side (net energy produc tion) by a factor of 1.4. This is
rather good agreement considering the crude finite—difference calculation of L~E/ ~tand the empirical energy dissipation function utilized . Lowering the friction
coefficient by a corresponding amount , from 2 to 1.42 (x l0~ ), it would still be in
the range used by Tay lor (1919).

c) The time—averaged energy equation (27) (in which < aE/ at  > = —0.36 x
ergs/sec shou ld be bala nced by the sum of <E

1
> = 1.14 x 10 ~ ergs/sec and <ED> =

—1.90 x 10 ‘‘ ergs/sec) is out of balance by a factor of 2.1, but the change of energy
content and the net energy production do have the same sign (negative). Thus both
sides agree that there is a net loss of energy in the Sound as the tides move away
from their tropic high values.

d) In the time—averaged energy balance the frictional dissipation is the
dominant term and the term representing the change of energy contenta E/~ t is on the
order of 25 percent of the other two terms .

By way of comparison to the time—averaged energy dissipation of 6. 1
erg s/cm’/sec from this study, Tay lor (1919) found energy dissipation in the Irish Sea
to be more than 1 ,000 ergs/cm2/sec . Levine and Kenyon (1975) found energy dissipa-
tion to be 26.1 ergs/cm2/sec in Narragansett Bay . The differences are readily
explained by the fact that the average velocities in these areas are considerably
d i f f e ren t , higher than in Chandeleur Sound , and , since fric tional energy dissipation
is a function of current speed cubed , the differences are quite large .
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CONCLUS IONS

Conclusions that may be drawn from this study of the Chandeleur—Breton Sounds
estuary relative to the initial objectives may be grouped in two major categories ,
i.e., the numerical model and the estuary .

The Numerical Mode l

The study has shown, by comparison of the model output with observed field data
and through a number of tests and comparisons designed to verif y the app lication of
the basic theory and assumptions , the numerical scheme itself , and f inal ly its
computational accuracy , that the model will generate representative output with an
accuracy on the order of 10—15 percent of true values.

The model will provide , at any incremental time step, the fields for surface
elevation, current speed and direction , and volume flow.

The model can be operated in modes that consider bottom friction , sur fac e wind
friction , and Coriolis and convective inert ia  term effects. The wind capability of
the model also allows the wind to be run for the full length of a model run, or
started and/or stopped at any designated time during the run . The latter provides
information on response to impulse winds.

Finall y, it was shown that the model was programmed in such a way that , by the
use of subroutines and single—digit and variable numerical input control cards , the
model is suited to easy modification and use by any investigator for application to
studies of any similarly adaptable area .

The Chandeleur—Breton Sound

The study showed that the hydrodynamic system is generated primarily by two
long waves, one entering from the northern entrance , between Chandeleur Island and
the St. Bernard delta lobe, and the other entering horn the southeast , around both
sides of Breton Island .

The study showed that these waves could be simulated very well by Kelvin waves.
The resultant interference pattern reasonably simulated the standing wave pattern
that was suggested by the numerical model.

It may be concluded , therefore , that the resultant pattern and description of
the estuary are as follows:

1. Two tidal system s enter the estuary , one from the nor th and one from the
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south , and the interference pat tern  results in a convergence zone somewhat north of
the mid—lati tude of the estuary .

2. Tides at the northern entrances lead those of the southern end of the
estuary by about 1 hour . In order to simulate this with Kelvin waves, the wave from
the north had to lag the southern wave by 2 hours.

3. Tidal ranges are greatest in the northwestern part of the estuary . For
average tides the range is about 60 cm , whereas for tropic tides the range is about 90
cm. Ranges in the northern part of the estuary are 10—15 cm greater than in the
south. This last agrees with the 70—cm range found by Kje r fv e ( 1973) in Caminada Bay ,
just west of the Mississippi River delta.

— 4. Slopes in the estuary are on the order of 2 x 10~ for average tides and 3.5
x 10 b for wind—induced periods. Both figures agree with similar values found by
Kjerfve (1973) in Carninada Bay .

5. Currents average about 10—15 cm/sec , and maximums are about 40—50 cm/sec ,
in the narrow , shallow entrances through the Chandeleur Island chain . Basically ,  the
flow patterns come in from the northern and southern entrances , drive to the
convergence zone , and the residual low—speed currents turn west toward the mainland
coast. As the tides turn , the opposite effect is not true . The currents begin to
diverge from the zone , but within a few hours after high tide the major flow through
the Sound is all to the south .

6. There is a net volume flow past the mid line of the estuary . This flow
exists under average and tropic tidal conditions but is dominated by response to
wind , i.e., as the wind direction increasingly opposes the dir ect ion of flow , the net
volume flow will decrease . A directly opposing wind of sufficient strength (heading
040°) will reverse the net flow to the north .

7. Energy balance studies have shown that this is indeed a relatively low
energy estuary . The frictional dissipation , when compared to that in other areas, is
quite low, as a result of the very low average current speeds in the estuary .

The energy partition is such that there is on the average about six times more
potential energy in the system than kinetic . The instantaneous energy balance
equation is dominated by the advective energy f l ux through the entrances to the
Sound , and only about 25 percent of the energy entering the system is dissipated by
bottom friction inside the Sound . On the other hand , the time—averaged energy
balance equat ion is dominated by the energy dissipation term . The unsteady energy
content term <aE/at> is on the order of 25 percent of the advective and dissipative
terms .
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Numerical methods in the form of a digital comput er model were used to simulate
and study the tide— and wind—induced circulation in Chandeleur—Bre ton Sounds , which
form a bar—built estuary southeast of New Orleans, Louisiana. The model output agreed
very well with current observations taken over a 6—month period at 15 widely spaced
stations in and around the estuary. The responses of the model estuary to average,
tropic, and equatorial tides were studied in detail. It was found that the estuary
exhibits low current speeds, on the order of 10—20 cm/sec , except in some of the shal-
low entrances through the Chandeleur Island chain, where speed reaches 50—60 cm/sec
for short periods. Surface elevations were found to have an average tide range of
60 cm at the northwestern end of the estuary and to increase in range to 90 cm during
tropic tides. The range in the southern part of the estuary was about 15 cm less at
all times. It was also shown that the estuary responds directly to an applied wind
force and that the expected set—up of the surface is in the downwind direction. e
current field is only slightly affected by representative local winds (order of
percent). The input to the estuary comes primarily from its northern and southe
entrances. These entering tidal wave foruw were simulated by two Kelvin waves, w ich
had a resultant form that was found to be in close agreement with the computer model.
Furthermore, it was shown that total energy in the estuary is relatively low and that
kinetic energy is typically only one—sixth of the potential energy during the tidal
cycle. Only about 25 percent of the energy advected into the Sound is dissipated by
bottom friction, but the tine—averaged energy balance is dominated by the dissipation
term. The unsteady energy content term <aEfai~’is about 25 percent of the advective
and dissipative terms in the time (tidal) average. (U)
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