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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 <3 E/3t> is about 25 percent of the
advective and dissipative terms in the time (tidal) average.
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INTRODUCTION

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 on. 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 equatioms.
These terms are convective inertia, Coriolis, bottom frictiow, 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
numerical 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.

e ; I e e —————




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 in 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 expected 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.




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 example, in 1970 there was an o0il 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 Qutlet 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 approximately 80-km x 100-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. (1970), Murray
(1972), and Barrett (1971).
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Figure 1. Chandeleur-Breton'Sound location map.

The study was intended to provide much more information than was previously
available on the area, and this objective was achieved.
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BASIC THEORY AND FORMULATION

Before any numerical model is used, the theory, assumptions, and formulation
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 closely 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 (1970), Gunaratnam and Perkins
(1970), and Hacker et al. (1971).

Differential Equations

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 surfacef are positive upward. Thus at the free
surface z = L. 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:

.d_u=-.]_'a_l.’.+fv+.1_fl
dt p ox p 3z
dF
dv 1 3p 1y
— R e o= e = § —
dt by 2T Es (1)
S RESD S
dt p 9z p 0z
where

[0} = water density

P = pressure

g = gravity acceleration

£ = Coriolis parameter = 2 W sin ¢

F

" Fy, and Fz = the frictional forces




and the continuity equation is

%5 + %% + %g =0 (2)

When considering long-period gravity waves, it may be assumed that the
vertical acceleration of water particles is negligible 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 the Leibnitz
Rule, we see that

9P
ax & z'r 3& bl 8 3x *

(3)

P
®_ 3./
dy g zf dy gk 8Py dy b dy

where p_ is the density at the surface. Under average conditions 3P°/8x, P /dy
can be safely neglected because their value_of =~10 dyn°s/cm3 is somewhat less
than the barotropic pressure gradient of ~10 ° dynes/cm®.

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 probably be neglected for average conditions over the interior of the
sound.

With these assumptions (1) becomes

P oF
dug o895 1 _x
dt =~ 8 p dx R p 9z @
4
oF
‘dl—v=—gp_s§£_fu+l_x
t p Qdy p 9z

where it can be assumed that ps/p = 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: 5
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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 follows, we have a volume transport function:

U(h+Z)

L}
|
=
—
(=4
A
N

(6)
V(h+z)

n
%
—
<
(=%
N

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

Ly : A S
of EEr ) Vetmaaf cagpaes Joveeg 5t o

with a similar development in the y direction.

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

au du Ju, .88 %
TR dy 8ax* S (st Fbx)/p(h+c)

and similarly for the y direction:

v v 0, oo 85 o - (8)
TR P 3y 3y fu + (Fsy Fby)/o(h+c)

where

Fs = gurface, or wind friction force




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

du U ,o0u'
9
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(=]
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u

»
(=%
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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 U 1 AR s
B e dy Soesmdt e e R
P ? d 2 e
5‘;’ + u% + v% = -ggg- - 0+ (F, - F )/ plht ©)

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:

Fux  _ g UU% + v2)%
p (h+g) c2 (h+Z)

(10)
Py _ g v(u® + v3)%
p(h"'C) CZ (h“‘L’)

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

o payz Uw2 sin o
o e b (h+ D
(11)
2 2
F U a
PLY Ly S

s =
p (h+D wy p (h+D

where

p. = 1.25 x 10 ® is the density of air (gm/cm?)

the wind azimuth from north as used in the model

the wind speed at a standard anemometer height of 10 meters as used
in the model
y? 2.6 x 10 °

n
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In this study, however, y* was determined from wind-speed-dependent formula-
tion as developed by Wu (1969), where

for U,y > 15 meters/second

and for U,y< 15 meters/second

Thus (11) becomes

0, Y2 U, 4% sin a
2 T L)
(12)
pa Yz U1°2 cos Q
T T
where Y2 is now the wind friction factor from Wu (1969).
The basic continuity equation, repeated here,
g—:»,g—‘; +3¥ oo (2)

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

& g 3
a—;-hf udsz +a—y_hf vdg +a—t5=o (13)

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

2 2 85,
a—xU(h+z;)+3—yv(h +c)+at 0 (14)

with no assumption of vertical homogeneity or the magnitude of dw/dz with respect
to du/dx.

Substituting (11) and (12) in (9) likewise yields the equations of motion
applicable to the study:
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— =2 == -V = -

at x Ay 9x c2 (h + ) pth + )
(15)
2 2
v A v : v : a ey gV(U? + vz)ﬁ 3 P, Y Ui0% cos @
ot ox dy d c2 (h + ) p(h + )

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 Hansen and then by Reid and Bodine.

All the systems are built from various methods of applying the basic first
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

ux + dx) = w0 + 2 (x) - ax
X

But when discrete differences A x are used, the left and right sides are not
exactly equal. The exact relation using A x is then a Taylor series:

2 2 3
ulx + 8% = U + & ()« ax +:—xf: (x) o {822 +§:—j () » 827,

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

10




1+1-xi tAx
and
X ) = X TAX
- du dzu) x2 _(dsu)Axd
Ysiel “i+(dx)i ’”(W)iz "(dx!) i (16)
S @) (8% pe
Yi-1 T Y (dx>i Ax *(dxz>i 2 (gx3> (A an
The first derivative is found by rearranging (16):
Woni=ule
S9) At D ey b= (18)
dx i AX dx i 2

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 tidal equations (14) and
(15).

The error in using (18) is in the order of the first term that is truncated
from the series. 1In this case the second term is truncated (containing x),
therefore the analog is referred to as only first-order correct. A better analog
is found by subtracting (17) from (16) and rearranging:

du) _ ___.—.ui*'l — N4l = da_“ L (19)
dx i 2Ax dx3 i 6 =

This analog is second-order correct and is centered on the point x,. Both
are conditions that contribute to convergence. 1In 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:

2 2
Original differential equation: %;; - %E; =0

Finite-difference form: wu(x,t+k) = 2u(x,t) - u(x,t-k)
+22 [U(x-h,t) - 2U(x,t) + U(x-h,t)] (20)

where A = k/h = 2
U(x,0) = f(x)

u(x,k) -ku(x,O) o glx)

11
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Then, if only onme round-off error is introduced, i.e., u(0,k) = g instead of zero,
such that
0 for x # 0
f(x) =0 f(x) = (21)
e/k for x = 0

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 Q
-+ 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

h
B ry—gex (22)
where
AS = grid spacing
At = time increment
g = gravity acceleration
h = depth

Sobey (1970) compared the stability of four systems, those of Heaps, Reid and
Bodine, Abbott, and Leendertse. Because the latter two schemes are implicit, they
are shown to be stable under all AS/At 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 @ l-mile grid = 1000 points
Assume maximum depth h = 12 meters, 1 mile = 1600 meters

From (22) At S As/(gh/2)* 5
1600/(10 x 6)
200 seconds

IAIAA

where AS, At, g, and h are defined above. Thus about a 3- to 3%-minute time step
is allowed.

12




For the effect of an hour's change in tidal input, the program will 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 example, requires more
computational steps at each point than does the explicit scheme of Reid and Bodine.
The latter is not a serious problem for a large digital computer.

The question of economical computer utilization is a moot point. It is
solved most simply in most cases by fully utilizing the computer available to the
investigator, and each computer has varying characteristics, such as total memory
capacity. Briefly, 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 explicit numer-
ical schemes but are more versatile and overall require less computer time to
arrive at the same areal system solutioms.

The author fortunately had access to a UNIVAC 1108, which in terms of
computer memcry capacity and computing speed presented no limitations to any of the
planned capabilities of the modified Leendertse scheme selected for a computer
model of an estuary.

13
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COMPUTATIONAL MODEL

General Description

The finite-difference 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 exactly the same as that used by Leendertse so
that interested investigators might 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
follows, 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 VP

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




COMPUTATIONAL MODEL

Main Program

Time
Step 1

Time

Step 2

Section

___]00 Implicit Comp.

200 | Explicit Comp. -

400 Explicit Comp.

SEP,UP

300 Implicit Comp. - SEP,VP

VP

UPJ'

Subroutines

INPUT

Calls Input Subroutines

KURIH

Reads in Tidal Data at Known Points

DIVE

Reads in locoﬁonsilond (0) & Water (1)

FIND

Locates, Codes, & Counts Water Sections

DEPTH

Reads in Water Depths

CHEZY

Reads in Chezy Coefficients

WIND

Wind Stress Routine

INVAL

Writes Out Initial Values

VW@ N|[G[L(d|lW(N|—

PRINT

Main Printout, Print, or Plot Routine

=)

OPEN

Computes Open Bound Water Levels

STEADY

Computes Steady Flow Boundary Velocity

—-—
N

OVFLO

Computes Overflow Boundary Velocity

13

OVFLD

Sets Overflow Threshold Evaluation (D)

14

PLOTM

Prepares Data for Plotter Routine

15

MAINP

Main Plotter Routine

Figure 2.°
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:

The number of time steps for which one wants to run the program

The grid spacing

The time step span (number of hours, minutes, or seconds)

Mid-latitude of the area (necessary only for Coriolis terms)

Several maximum dimension values

Control for output: 1listing (0), printing (1), or both (2)

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

NV WN —~

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.

Boundary 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 calling in a few data cards
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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:

if closed (solid boundary)

if open (tidal input)

if steady flow (stream input)
if overflow (marsh flooding)

wN -0

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 (0s) or ones (ls) for every point in the computational matrix. A
blank indicates a dry-land point or a boundary point where input values are known.
The ls 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 ls 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 program via the
subroutine DEPTH. Within the routine and before entering the main-body 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:

i. 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 Leendertse (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 &n (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 will be identified in a later section. It is

17
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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 styled 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 KURIH. The present
configuration for the Chandeleur-Breton area shows several examples of linear
interpolation that could be followed easily, but any degree of sophistication is
possible. In any case, the programming requirement is quite elementarvy '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 climatological records. The program converts to
meters per second for computatioms.

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 simple 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
Uo 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-body 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 Ferrel 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. All 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
direction with speed within 5 cm/sec (0.1 knot). This agreement, of course, is
quite supportive of the assumption that a vertically averaged current vector
adequately represents the current field, as is done by the computational model.

Detailed inspection of the data revealed several facts:

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

2. Fortunately, the simultaneous observations were taken at stations
differing widely 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 representative of a smoothly flowing
and progressively 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 model 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 maximum declination. Apogee and
perigee were not consistently effective.

The monthly greatest daily range difference, however, always occurred near
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Table 1
USC&GS Current Data

Station Depth Survey Dates (1968) Tides Meter Ship
No. (m) Start End
2 4.5 9-04 10-03 E G .F
3 4.5 9-20 10-07 E G F
4 3.0 4-09 4-08 T G M
5 1.8 9-18 9-26 E R F
6 257 7-27 8-14 A G F
8 4.5 & 9.0 8-16 9-03 A G F
9 4.5 7-25 7-28 A G F
10 4.5 4-28 5-06 T G 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 G F
15 4.5 8-26 9-01 A G 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 M&F
Note: G = 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 angular distance
below the equator as the latitude of the Louisiana coast is north of the equator.
Briefly, 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, respectively. 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 climatological data.

The actual figures used were the approximate average monthly wind speed and
direction. It should be noted, however, that wind speeds are not high in the New
Orleans area, averaging only about 2 or 3 meters per second. Noting the criteria
and formulation of Wu (1969) as presented earlier, one would expect little effect
from these low-velocity winds. To emphasize the effect, therefore, the model was
run with 10 m/sec winds. The effect 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&GS-
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 will be shown to have distinct patterns that are not readily
indicated by the hydrography. Points to note are the following: Basically the
whole estuary inside the island arc is rather flat, 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 (east). 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.

1
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CHANDELEUR-BRETON
SOUNDS ESTUARY

Depths (m)

Figure 3.

Depth contours in meters as consistent with source charts.
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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. 1In
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. Additionally, 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 2%-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.

Actually, 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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76 z 14 1280 1.3%300 «750  1.210 1,820 1,421
17 2 1170 1,710 «eHAN 10110 1,790 1,290
‘% 7 %  leG6D 1,110 «SAN 100N 1,150 1,150 :
‘9 2 «1853 1,000 470 «300 1,010 1,010 |
B 16 oF50 (9.0 | 300 | 4800  FE0 L AB0 |
1 e 073{1 o V0 e 329 «69N 0750 .-’Sn |
< 2 i DU o HrC30 « 250 «5anN «~20 620
£y o «H20 e 5¢0 200 SN o510 «H1N
‘4 ? }D, o"3'f: .‘VO ‘16!0 .ulﬂ .“‘1(‘0 .ulﬂ
523 e .:‘r)l_: 0'110 ¢ 130 033" 1120 . 32N |
i) 2 16 el « 350 110 27N 24N «PUN
7 2 el «270 S Yald 21N «180 .130n
£ 2 2N <160 «210 «110 160 140 Ji4n {
9 2 o130 e 100 120 o130 .110 110 |
20 2 21 oll“ 0130 «1FN olln o100 .100
+ ¥ bid «1UC «110 2NN «1NnN «110 .110
2 2 22 o114 «100 250 «110 «140 140
5 - «130 <110 « 320 « 130 <1RQ +180
i 2 e « 16U .130 .30') 016” 0",“0 .?‘40
Y -« 10 « 160 470 210 o 220 o 2n
) 2 2u « 280 «210 « DA 27N 010 W10
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TuBLF 3
ILPUT TIDAL HEIGHTS (FT)
SIME CURVE TIDES = TEST DATA

I1E TINF STATIONS
STEP DAY HGUR A 3 (o D E F
27 3 0350 0270 06‘0 .33"' 0:10 .51 0
g 3 1 430 «320 « 750 410 «F20 «620
iC 3 520 430 850 «50N 750 7590
t-0 3 ? 620 500 98N «59n «£80 «REQ
11 3 o730 560 1,040 QN 1,010 1,010
1.2 3 2 e UG PG00 1110 «RCN 1,150 1,150
1:3 3 «254 «200 1,220 «00  1.790 1,290
1.4 3 u 1.060 22N0 10310 j.N)N 10“.20 1.“20
1.5 3 1170 1.060 1,353 14119 1,550 1,%%0
1o 3 S 1.2R0 1,110 1,450 1.210 1,680 1,68)
17 3 1380 1,210 1,500 1,300 1.790 1,790
1 7 3 A 1.470 1,700 1,540 1.399 1.90 1,890
1.9 3 1.550  1,%0 1,570 1.470 1,780 1,040 b
110 3 7 1.020 1,470 1,590 1.530n 2,730 2,040
1:3 3 1.779 1,610 1,570 1,670 2,190 2,19n
114 3 QA 1.760 1,570 1,540 1.697 2,200 2,200 ]
§ B 3 1.500 1,600 1,500 1,700 2,190 2,19N0
1.6 ) 19 1790 1,700 1.459 1,690 2,160 2,140
117 &, 1.770 1,A00 1,380 1.670 2,120 2.120
118 3 11 1.74G 1,670 1,310 1.640 2,760 2,060 ]
119 2 1.690 1,A40 1,270 1,590 1,980 1,080
120 3 12 1.620 I.CCJO 101“0 10530 1.'190 1.290
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Figure 4. Surface elevations, day 2, hour 12, from sine curve tidal
input.
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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 during 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 (tropic tides--30 April-1 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
example, 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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TABLF 4
IMPUT TIPAL HETIGHTS (FT)
AVERAGE TIRES 00320 22A1G = 1200 24AUG*'6A8

TIVE TIDE  STATTONS
LTEP DAY HOUR A A c D E F
1 1 600 «450 « 370 «60N « 740 « 580
2 1 1 « 700 «520 ¢S4 «h6N « 250 « 700
3 1 « 760 20 1,000 e 750 <970 « 40
4 1 2 « 860 «700 1,07¢C 83N 1,790 « 950
5 1 950 ,740 1,150  .010 1,200 1,060
5 1 3 1,040 870 1,220 «980 1,300 1,220
7 1 1.149 «eI0 1,20 1,038N 1.400 1,340
g 1 4 1,230 1,050 1,360 1.157% 1,520 1,470
9 1 1.320 1,130 1,420 1.230 1,30 1,530
10 1 S 1,400 1,220 1tl,4r0 1.320 1,730 1,700
11 1 1.8 1,243 1,520 1.400 1,740 1,800
12 1 6 1.560 1,360 1,50 1.451" 1,920 1.P80
: 13 1 1.520 1,420 1,520 1.520 2,000 1.960
? 14 1 7 1.680 1,830 1.600 1.580 2.770 2,740
* LS 1 1.730 1,550 1,580 1.630 2,130 2,:00
l‘3 l R 10760 1.‘)”0 l.r)un 1066(1 2.1(‘)0 2.15"
17 1 1.780 1,A40 1,480 1.690 2,190 2,150
i\"_‘ 1 Q 10760 1.(‘60 1.“2“ 1069“ 2.'80 ,olﬁn
19 1 1.780 1,A80 1,350 1.670 2,130 2,120
n 1 10 1.75%0 1,550 1,270 1.6379 2,080 2,060
1 1 1.720 1,660 1,180 1.%530 2,030 2,000
L2 1 11 1.680 1,630 1,100 1.529 1.9%0 1,92n
> 1 1,620 1,570 1,020 1.450 1,750 1.840
4 1 12 1.540 1,510 «G20 14370 1,740 1,740
: 25 1 1.450 1,440 «2UD 14300 1.H80 1,640
3 1 13 1.363 1,260 «75C 14200 1.520 1,559 :
ST 1 1.270 1,2r0 «HHN 14120 1,400 1.450 :
A 1 14 1,170 1,2¢0 «S5R0  1.030 1,270 1,250 j
-9 1 1.070 1,110 «5H0N «9u0 1,160 1.7230 :
i 1 . 15 <950 1.010 U420 +850 1.050 1.120
b 1 ; «850 +Q10 « 38N « 760 «Q20 1.010
b1 1 16 .7“0 onlo 271 «670 .”00 . 200
»-'.5 1 0630 0720 0210 O:'6n .FQO .790
o4 1 17 530 «h20 167 J4an <780 <680
: P 1 o450 « 520 s11D JUn0 470 «£30
-6 1 18 « 360 00 «100 «329 « 260 430
: ST 1 260 « 350 100 « 250 « R0 « 290
,; "’3 1 lq 0200 .250 ol?n nlﬂn .-”20 .3“0
‘ 9 1 «150 «2Nn0 «130 olyn 150 «230
: @) 1 20 «120 «150 <180 «10N «120 «170
*h 1 «100 .130 230 «100 0100 «J0n
“2 1 21 100 .1n0 201 10N «100 «100
45 1 110 «100 «340 «110 120 «100
L vt 1 22 «140 .100 +410 «130 «160 «10N
P A, ’. .170 .110 0“70 0160 0?00 0130
e 1 23 «220 «140 «550 220 e 260 «180
3 1 « 280 «180 «600 280 « 350 o P40
Ly 1 ?" 0363 .2“0 .66" 0350 .“QO .33(‘
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TABLE 4 |

| INPUT TINAL HEIGHTS (FT)

t AVERAGE TIPES 0030 22aUG - 1200 24AUG'68

i TIVE TINDE  STATIONS

‘ STEP DAY HCUR A 12 c D E F
"'q 2 0“50 01-00 0750 'u30 Oqsn ou30
50 2 1 «520 370 810 <500 650 520
o1 2 «580 2U50 «870 «580 760 «630
53 2 «750  .6r0 ‘1,020  .750  .790  ,Ag&N
o4 2 3 «820 «6He0 1,080 «8317 1,100 1,.,01nN
oS 2 +910 «760 1,150 «890 1,200 1,120
6 2 4 1.000 .nFO 1.200 0070 103’.0 1.2‘40
57 2 1,100 «Q10 1,270 1.040 1,400 1,350
o8 2 5 1.180 950 14320 1.1270 1,500 1,460
59 2 1.260 1,070 1,330 1.20" 1.A00 1,530
00 2 6 1.340 1,120 1.430 1.260 1,690 1.670
) | 2 ln“no 10220 1.“50 1035" 10780 10750
2 2 7 1.470 1,300 1,470 1.420 1,RP60 1,240
ul 2 1.530 1,360 1,490 1.470 1,230 1,000
o4 2 a 1."90 1.“30 1.40') 10520 1.990 1,0,-20
LS 2 1.630 1,480 1,460 1.560 2,040 2,039
6 2 9 1.676 1,530 1,430 1.600 2,070 2,070
57 2 1.680 1,570 1,4nC 1.600 2,100 2,100
8 2 10 1,700 1,600 1,350 1.590 2,790 2,n9n
L.Q 2 1.68u 1,6r0 1,290 1.570 2,770 2,050
] 2 11 1.660 1.,6r0 1,220 1.53" 2,030 2,000
i 2 1.620 1,590 1,150 1.480 1.°70 1,940
‘2 2 12 1.980 1,550 1,070 11.410 1,870 1,850
73 2 1.520 1.500 1,000 1.370 1,770 1.770
4 2 13 1.450 1,440 930 1.307 1,680 1,AHN
7% 2 1.360 1,360 «B870 1.240 1,590 1,.€00
76 2 14 1.290 1,.3C0 «807 14160 1,490 1,500
7 P2y 1.200 1,220 «72C 108N 1,370 1,409
‘g 2 1S 1,100 1,150 «66C 1.010 1,260 1,210
,9 2 10020 loq“O 0600 -°3n 10150 ‘.22”
0 2 16 «920 09“0 520 «860 1.760 1.120
24 | 2 « 330 .QOO J450 « 780 .Q60 1.030
s 2 17 750 « 50 <400 «70N «260 «920
£3 2 660 « 760 «360 o640 «760 « 840
4 2 1R «5K0 «590 « 330 «570 «F60 « 730
25 2 «5N0 600 <300 490 «570 530
{6 2 19 U450 «550 «3N0 Jlun 480 «550
a7 2 c3ﬂn -'470 ..’500 o‘&On -"20 .‘080
<8 2 20 0330 0“00 03]0 0350 0380 « 380
&9 2 «310 «350 «330 «320 «320 « 320
<0 2 21 «300 320 « 350 «300 « 200 « 300
<1 2 «300 « 200 030N «300 «300 «300
92 2 22 «300 « 300 J43n «300 « 300 «300
o3 2 «300 «300 +4R0 «320 «350 «320
£l 2 23 «320 +«310 «530 « 360 « X80 340
5 2 « 3506 «320 «58n 390 420 «370
i6 2 24 400 «360 «650 Uyl «500 «430
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TABLFE 4
INPUT TINAL HEIGHTS (FT)

0030 22AUG = 1200 24AUG*H8

TYINE  STATIONS

i c D
00  LJ700  J40n
LS50 JTEN 53N
JSC0 830  +580
JS560  L8ON  L650
610  ,a50 0720
A70 1,000  +B0N
L7740 1,050  «86N
JR00 1,100  +94n
LR70 1,167 1.00N
2,940 1,210 1.070
1,000 1,250 1.120
1.070 1,300  1.200
1,320 1,130 1.25Nn
1,210 1,360 1.320
1,270 1,300 1.35n
1.320 1,400 1.40N
1,800 1,400 1.420
1.620 1,400 1.450
1,450 1,380 1.470
1.”?0 10350 1.490N0
1,490 1,300 1.500
1.500 1,250 1.501
1,500 1.200 1.48n
1,500 1,130 1.450
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Figure 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, which 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, might reasonably be assumed accurate within 5 to 10 cm/sec (0.1 to 0.2 knot)
at best.

There was little difficulty in discerning curve frequency when the amplitudes
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)
18 typical. It was particularly interesting to note that both the model and the
field data showed the rather uniform amplitude and long period that would be
expected during an equatorial tide cycle (stations 2, 3, 5, and 13).

36

0 CURRENT VELOCITY COMPONENTS [CMVSJ ]
o STATIAN - 15 N-11 M-27 WIND 2m/s 24C3EG |
5C . |
50
40 -
30 -~

5 20—

b- 10 . P

E oo oD p —

o 1\ NM ‘

J -20 - 5
-30 - “
40 V ‘
-850 - |
-SU -~ |
M0 - |
-8C !
Ll 2 2 16 20 4 s 2 |
;gc p = £ 3 Aus 55" 2 i =he > e TR R
9% - } i
20 _ {
56 .. |
SC |
40
30 -

I 20
1w

E o B

£ 10

= 20 -
-30 .
-40 _.
=S¢
-SC
20 !
90 _ i
ol —— -FIELD DATA | ~—— - MODEL DATA : bl =

SN oo e




CURRENT VELQGCITY COMPONENTS (CMPS}
% STATION - 3 N-11 M-32 WIND 2m/s 2400EG

<4g _|12 15 20

'20_\_/\/\/——/\

-3¢ ~

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 particularly
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,
which 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 eliminate start-up effects, the model requires a few grid points'
buffer from an open bound before its input effect is properly merged. The
comparisons of field and model data for stations 4, 10, and 20, which were taken
during a tropic tide period, also suggest a boundary effect 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 its east-west component. Likewise,
station 20 is diagonally one point away from an upper and lower boundary, and its
north-south component velocity comparison is not good.
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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 station 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
effect of reducing current amplitude (which is the comparison discrepancy).

In summary, it may be concluded, considering the good comparisons, the ragged
field data, and the explanations 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~ghaped boundaries. It is the author's
opinion that the model is giving a realistic gross simulation of the area, but
details around edges, sharp points, etc., may be suspect. This situation, too,
should not be unreasonable to investigators who have worked with this type problem
in that considerable interpretation is warranted and should be expected in certain
areas. Simulation in essence will 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 point, 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 application 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.

Basically 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 hourly 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/sec) was outside the estuary on 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 often considered negligible 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 inclurion this term had negligible (1 cm maximum) effect on surface elevation.
To stretch a point, one might detect a slightly greater effect inside the
estuary than outside. Upon inclusion of these terms, current speeds generally
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increased 1-5 cm/sec when currents were maximum, at rising and falling. This was
not entirely consistent, however, since this was the case primarily 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 paradoxically decreased 1-2 degrees on ebbing tides on the outside
of the estuary. 1Inside the estuary, however, the azimuth effect was even more
inconsistent, varying 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; despite 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), and if applicable wind and Coriolis terms, it
should not be omitted in shallow estuary studies.

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

Generally, 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. Generally 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 study 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 tidal data
listed in Table 3 so that cyclic repetition could be verified. The same data output
that was used previously tc verify the model's computational accuracy was therefore
used again as the "no wind" condition.

A second run was made, with one change. Input cards added a 12.9-m/sec (25-
knot) or 8.6-m/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 finally 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 steady 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 steady state. Steady state
occurred 2i¢ day 2, hour 16, which was 16 hours after the wind had started.

The wind had been programmed to stop completely at day 2, hour 24, which
means it began to ramp out in 20 percent increments beginning four time steps or 2
hours earlier. Plots of the steady-state wind effect (differences from the 'no
wind" condition) 3 hours before the wind stopped are shown in Figures 1l 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.

Figures 11 and 12 indicate that the model showed the effect of a steady-state
12.9-m/sec (25-knot) wind blowing down the estuary (240°. The surface was
somewhat depressed in the lee of the Chandeleur chain and rose uniformly 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
completely reversed flow. Current speeds increased more than 10 cm/sec on the
northern edge of the model, gradually decreased to -5 cm/sec about one quarter of
the way to the south, and finally 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 configuration of the estuary.

E1 In the surface elevations (Fig. 11), for example, the slope might run up to

: 30 cm at the southwestern end. This long-axis wind-induced slope of about 3 x 10 i

: agrees very well with the 4 x 10 ¢ figure 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 steady-state wind in Figures 11 and 12. Figures 16 and 17
i show that, 3 hours after the wind had stopped, its effect was negligible.

In summary, a sudden start and stop to a wind, such as might be experienced by
the passage of a weather front, had a dramatic effect on the estuary. It took about
12-16 hours for the estuary's response to reach steady state in building up to the
wind, but it took only about 3-6 hours for it to return to normal. Actually, it was
12 hours before there was no detectable trace of wind effect.
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CHANDELEUR-BRETOI\I
SOUNDS ESTUARY

Wind Effect

Surface Elevation Diff. (cm)

5th hour after wind

3rd hour before
wind stopped
(Day2, Hour21)

Figure 11. Wind effect, surface elevation, 3 hours before wind stop.
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Wind 8.7m/sec/240°

CHANDELEUR-BRETON .

&

Figure 12. Wind effects, currents, 3 hours before wind stop.
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CHANDELEUR-BRETON
SOUNDS ESTUARY
Wind Effect
Surface Elevation Diff. (cm)

1st hour that

wind stopped
completely
{(Day 2, Hour 24)

Wind 8.7m/sec/240°:

Figure 13. Wind effect, surface elevation, lst hour of compléte wind
stop.
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CHANDELEUR-BRETON :
SOUNDS ESTUARY

Wind Effect

Current Speed Diff. (cm/sec)
1st hour that

wind stopped
completely

(Day 2, Hour 24)

: Wind 8.7m/sec/240°

Figure 14. Wind effect, currents, lst hour of complete wind stop.
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CHANDELEUR-BRETON
SOUNDS ESTUARY

Wind Effect
Surface Elevation Diff. (cm)
3rd hour after
wind stopped

(Day 3, Hour 3)

Wind 8.7m/sec/240

Figure 15. Wind effect, surface elevation, 3 hours after wind stop.
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CHANDELEUR-BRETON
SOUNDS ESTUARY

Wind Effect

Current Speed Diff. (cm/sec)

3rd hour after
wind stopped

(Day 3, Hour 3)

Wind 8.7m/sec/240°

Figure 16. Wind effect, currents, 3 hours after wind stop.
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SIMULATION OF CHANDELEUR-BRETON SOUNDS ESTUARY

Average Tidal Conditions

Data input for this phase of the study consisted of the average tides in
effect during the period 22-24 August 1968 (Table 4). The output is the surface
elevation and current flow field diagrams. The quarter-cycle diagrams are included
as Figures 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 essentially 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 Fig. 1).

The estuary then fills steadily 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 high tide (a rise of about 55-60 cm) (Fig. 19). At high
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. Essentially 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 & 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
monthly equatorial to tropic 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. Obviously 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 sce a convergence
zone that seemingly separates the estuary into two parts, called Breton Sound and
Chandeleur Sound. The exact 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 northerly periods occurring, was noted.
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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
beginning 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 probably in effect. A description is givean 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 description 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 m/sec (13.5 knots) was modeled as blowing on the estuary from four critical
orthogonal directions (040°, 130°, 220°, and 310°). These are the approximate
onshore, offshore, and alongshore directions. To accentuate the effect, tidal
input was from a tropic 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 maximum 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”, 220°, 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 northeasterly 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
Figures 25 and 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 25. Wind effect test, surface elevation, no wind.
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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 slightly to be more aligned with the wind. In the
passage south and southwest of Breton Island, currents in opposition to the wind
increased slightly.

130° wind. The 130° wind is an offshore wind, but the effect is similar to
that of the 040° alongshore 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. The scooping action was most pronounced (10-20 cm) in Black and
Eloi Bays, where the wind began its longest fetch for the 130° wind direction. A
slight 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 significantly overcome by the wind.

As expected, especially 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.

220° wind. Directly opposite the 040° wind, the 220° 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 Figures 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 m/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 align 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 33. Wind effect test, surface elevation, wind 7 m/sec/310°.
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Separate tests have also shown that winds around 3-4 m/sec have a barely
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 m/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 example, would be ideal if there were no
alongside surges and rise and fall to the tides. Large-scale loading and
offloading operations are economically time dependent, and moving ships' moorings
to accommodate ships affected by pier motions is time consuming and expensive.
Engineers, planners, and environmentalists interested in protecting 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
surface elevation and corresponding times were determined from the computer output
data listings for a grid of every fifth point throughout the model area. The range
difference at each point was plotted on a model grid. High and low tide lag times
from a base time were treated similarly. The results were contoured and are
therefore the co-range and co-tidal lines. Figures 35-37 are the co-range, co-
high-tide, and co-low-tide lines for the estuary, as shown by the model, when
driven by the average tides shown in Table 4.

The point or area of maximum range noted on Figure 35 is in the vicinity of
Deep Pass, from Brush to Martin Islands (see Fig. 1).

Tropic and equatorial tidal periods were also examined but do not change the
pattern appreciably except as would be expected, i.e., during tropic 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 contributor to the erosion of the St. Bernard Delta.

Finally, one may observe from Figure 37 that the Mississippi River Gulf

OQutlet Canal is located in about as reasonable a position as could be expected with
respect to moderate tidal range.

Net Volume Flow

Finally, in completing a hydrodynamic physical description of the
Chandeleur-Breton Sounds estuary, one must consider net volume flow.

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,
Fig. 35). Volume flow figures from the data listings for every point along the
cross section for a tidal cycle were tabulated and summed. The results shown in
Table 5 suggest the following:
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vary from zero throughout to a similar field with 28 cm maximum and
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Table 5

North-South Volume Flow across Cross Section N-24

Dates Tide Wind Net Flow
1968 Description Range Speed Heading Direction m®/sec
(m) (m/sec) ) x 10~
12-13 June Tropic 0.9 7 220 South 3100
12-13 June Tropic 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 Tropic 0.90 7 310 North 250
12-13 June Tropic 0.90 7 040 North 560

Tropic Tides: Range 0.9 meter

Dates Tide Estuary Orientation Net Flow
m/sec Heading Long Axis Cross Axis Direc- mh/seg
3 tion x 10 *
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 action is, for example, 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 tidal 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-m/sec wind blowing up the estuary
will balance or overcome normal tidal 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
model-simulated 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 profiles 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 (7) and speed (U) are:

c(x,y,t) = Co(y) cos k (x - ct)
(22)

U(x,y,t) = Uo(y) cos k (x - ct)

V/gh wave propagation speed
channel depth
down-channel coordinate
cross—-channel coordinate
channel width

time

wave number

wave period

wave length

where

= 2n/L

LN BN BN NN DN N B}

L=CT

™e arigin of the coordinates is at the center of the channel, where x = 0 with
the right when looking in the direction of propagation. Then, letting
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y' = y/(b/2)
and
b f
)\3—2'.6
where f = 20 sin ¢ (Coriolis parameter)
= me litude at x = 0 (7 = half bet +b/2 and
Zoly) Tb??) wave amplitude at x ( ol a range between /2 an
then
i i )
el B R (23)
s
Uo(y) " h Co(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 4! 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 representative ranges and then wave amplitudes at each entrance
could be determined. They were found to be

North entrance: E%(y) = 26 cm

South entrance: 25(y) =23 cm

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 C(x,y t)

3

and U(x y;t) values for each wave at each grid point. The resultant wave forms are
3J

shown by Figures 42-45.

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 particularly 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 verify that the tides at the north

78




25 Z°=26cm

45
b,2

CHANDELEUR-BRETO} 2
SOUNDS ESTUARY

Grid Positions for

&

Kelvin Wave Simulation

{723cm 25

Figure 41. _Kelvin wave grid location for two wave simulations. Waves
from north o = 26 cm, waves from south gy = 23 cm, b/2 = 12.65 km,
C = 600 cm/sec, T = 24.84 hr.
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Figure 42. Composite Kelvin wave for low tide, resultant of adding

north and south wave values at each grid point. Wave from north lags
by 2 hours.
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Figure 43. Composite Kelvin wave for maximum rising tide, resultant of
adding north and south wave values at each grid point. Wave from north
lags by 2 hours.
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Figure 44. Composite Kelvin wave for high tide, resultant of adding
north and south wave values at each grid point. Wave from north lags
by 2 hours.
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led those at the south by 1 hour, as required in the real estuary. 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 difference is not actually too significant inasmuch as the Kelvin wave
simulation was for an ideal case where there were no frictional damping, no
topographic effects, and no cross currents.

It may be noted further that the currents shown by Figures 42-45 are all
rectilinear in contrast to the flow patterns shown by Figures 21-24. The difference
is again the result of the ideal Kelvin wave formulation, which does not allow cross-
channel flow. One may note, however, that the convergence zones, as delineated by
the current reversals shown by Figures 42-45, match very well with those of the
natural state, shown by Figures 21-24.

It may be concluded, therefore, that current circulation and water levels in
the Chandeleur-Breton Sounds estuary are controlled in a gross fashion by Kelvin wave
dynamics as described above. This theoretical model would be even more accurate,
however, if frictional damping were added to the analytical solutions.




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. Taylor (1919), however, with his energy balance of
the Irish Sea, may have created the greatest interest by showing a simple way to
account for input energies and frictional dissipation, plus a practical application
of the effect of the moon on the energy balance of a body of water. Jeffreys (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-
tic of the early work.

In chronological order, McLellan (1958) did work on the energy considerations
and particularly the moon's effect on the Bay of Fundy. Miller (1966) discussed the
tidal flux versus frictional method of determining energy dissipation. Blanton
(1969) used the methods developed by Ippen and Harleman (see Ippen, 1966) to
determine energy dissipation in Coos Bay, Oregon. Stock and Filloux (1975) provided
information on the energy balance in widely separated areas, the Gulf of California
and the Adriatic Sea. Garrett (1975) discussed tidal response in gulfs as a function
of the energy input and dissipation. Levine and Renyon (1975) studied the energy
balance in Narragansett 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 Irish Sea, and generally 5 to
7 times smaller than all the other areas of study. It is certainly the shallowest of
all the study areas and has the lowest energy. It is the one area in the group
subject to a diurpal tide. It has by far the lowest current speeds, and, finally,
there was considerable detail available so that approximations are not so dominant as
they might be in other studies.

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

It was possible to compute and determine the energy flux directly and from an
energy balance between the input energy sources and the frictional dissipation.

The energy balance is shown by the formula:

JE/3t = B, -E, + W (25)

D M

where 3&/d t = the rate of change of energy in the system

E = tidal input energy flux across the boundaries of the system
I o ? e § i

ED = frictional dissipation of energy inside the system

Wy = the work done on (by) the moon on (by) the system
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Total energy E is given by

E = KE + PE

where KE = kinetic energy

PE = potential energy

E=20 ,f (htg)s? dA+2pg 0 r2dA (26)
2% A 2 A

where h = depth below MSL

4 = surface elevation above MSL

S = current speed

da = unit area

The rate of change of energy in the Sound J3E/3t 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 10!'? cm?, was plotted and is shown by Figure 46. Total energy E and energy
flux 9E/3t are given in Table 6.

Inspecting Figure 46 and Table 6, one may observe lhe relatively low total
energy (average =8 x 10!® ergs) and maximum energy of only 17 x 108 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 = 500 cm (16 ft)
Speed = 10 cm/sec
Amplitude = 10 cm

In most previous studies depths were greater; e.g., Taylor (1919) used h = 6800 cm.
Most wave amplitudes 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 Taylor (1919) and
McLellan (1958), where, using the time-averaged version of equation (25)

<3E/ 3t> =< Ep> =< Ep < Wy (27)

Previous investigators have usually assumed <3dE/ 9t> = 0 and have investigated only
the steady-state energy balance. This study, however, also determines the hour-by-
hour time-dependent balance and the importance of <J3E/ 3t> in the time-averaged
balance.
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Table 6

Energy Balance
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-ED

AE/At

AE

Hour

x10 **
ergs/sec

x10**
ergs/sec

x10'*
ergs/sec

x10*
ergs/sec

x10'®

ergs

x10!®
ergs

20471000630245455970[45188

5640370219428231841122102
([ ] — o — 1 _|....|_.d.. ! [

COOVWARAON—SVONONRAATNONANDODINOMINOG T N T

HENANANANNA OO0~ aMMMMNONAN—~O000CC
RRRI] P NSt e L [ et (o Tl F T Tl TR ' (645 ] el i 5 A T e |5 )

NNONON—AOONNMONNOMNITONMO T N0 T
.........................
/.../412592320417007411333102
I ! — e~ — L} _..ﬂ_ !

NNNONIITNO I NIONONTITIO~NOITIOT
b et B3l halatal

QXN NMON S IVNOTONOARNONIN~O T~

.........................
TR e R R 0.9 S Sk D

NV NOCONNONONNOAITNONMO O~ MNMD
NOITON A A ANTO~NITOONANANM A~ ITNNT
o e e - -

HO M NMINOVNOAAOD~NNONAITNON~NODONDO
] o e ] e e - O

-0.76
=2.4

-0.36
-1.2
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AE/7200, Estuary surface area = 3.1 x 10 '%cm

where AE/At =
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Input tidal energy flux as shown by Taylor (1919) is

L L
E. =pg [ hz(s sin a) d2 +% [ (sin a) (2gz% + hs* + gs?) dg (28)

0] 0
where
S sin @ = the current speed normal to the plane of the estuary entrance
o = the direction of the current relative to this plane
L = total length of the entrance
de = differential distance

Other terms are as defined under equation (26).

Frictional dissipation of energy flux is:

Ey=«¢ [ o s*da (29)
A

where all terms have been defined previously. The dimensionless constant Kk =2 x 10 3
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, is negligible. Therefore, the energy balance is between
the input energy flux EI and the frictional dissipation of energy Ep.

To compute these terms, as when computing the total energy E, the variables h,
T, 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, usually four

times the energy dissipated by bottom friction at Khe same time;
< |Ep/Ep| > = 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 factor of two only 4 of the 25 hours in the tidal
b cycle studied. On the average, the change of energy content (left side) is out of
balance with the right side (net energy production) by a factor of 1.4. This is
rather good agreement considering the crude finite-difference calculation of AE/ At
and the empirical energy dissipation function utilized. Lowering the friction
coefficient by a corresponding amount, from 2 to 1.42 (x 10° ), it would still be in
the range used by Taylor (1919).

c¢) The time-averaged energy equation (27) (in which < 3E/ 3t > = -0.36 x 10 '*
ergs/sec should be balanced by the sum of <E.> = 1.14 x 10 '* ergs/sec and <E > =
-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
I 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 contentd E/9 t is on the
order of 25 percent of the other two terms.

B¥ way of comparison to the time-averaged energy dlssxpat1on of 6.1
ergs/cm®/sec from this study, Taylor (1919) found energy dissipation in the Irish Sea
to be more than 1,000 ergs/cm /sec. Levine and Kenyon (1975) found energy dissipa-
: tion to be 26.1 ergs/cm /sec in Narragansett Bay. The differences are readily
7 explained by the fact that the average velocities in these areas are considerably
different, higher than in Chandeleur Sound, and, since frictional energy dissipation F
is a function of current speed cubed, the differences are quite large.

=
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CONCLUSIONS

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 Model

The study has shown, by comparison of the model output with observed field data
and through a number of tests and comparisons designed to verify the application of
the basic theory and assumptions, the numerical scheme itself, and finally 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, surface wind
friction, and Coriolis and convective inertia 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.

Finally, 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 from 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 systems enter the estuary, one from the north and one from the
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south, and the interference pattern results in a convergence zone somewhat north of
the mid-latitude 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 Kjerfve (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 ® for wind-induced periods. Both figures agree with similar values found by
Kjerfve (1973) in Caminada 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 tc 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 direction 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 flux 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 equation is dominated by the energy dissipation term. The unsteady energy
content term <JE/3t> is on the order of 25 percent of the advective and dissipative
terms.
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