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I . SUMMARy

A hydrodynamic and salinity model has been developed for the

Apalachicola Bay System, Florida shown in Figure I. l. The numerIcal

model is based upon an implicit finite difference formulation of the

governing equations. A variable size finite difference cell is used in

the model to allow a more efficient resolutio~ of physical details of

the bay.

The bay system is assumed to be well mixed and a two-dimensional.

depth averaged formulation of the governing equations is used. Boundary

conditions are satisfied at the bottom and top of the water column but

vertical components of velocity are neglected. Horizontal components of

velocity, and the surface elevation and salinity level are calculated

for each finite difference cell in the model.

The model has been calibrated and verified using prototype data

collected in September 1983 and March 1984, respectively. Sufficient

prototype data are available to demonstrate that the numerical model

reproduces the behavior of the bay system when subjected to variations

in tidal elevation, salinity, river inflow and wind boundary conditions.

Model results indicate that the hydrodynamics of the bay, veloc-

ities and surface elevations. are generally dominated by astronomical

tides, although at times, the wind can significantly affect water

surface elevations. Freshwater inflow and wind conditions both contrib-

ute to the velocities but are relatively minor, for the estuary as a

whole, compared with tidal elevations. Astronomical tides. however. are

not the sole major factor affecting the distribution of water quality

parameters in the bay. Salinity values and contours are very dependent

upon the level of fresh water inflow. Large river inflowm significantly
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lower the salinity levels in the bay system, especially in East Bay,

Apalachicola Bay and St. Vincent Sound. Since the overall flow in the

bay system is from east to west, salinity values In St. George Sound are

not as affected by fresh water inflows entering the bay system.

Sikes Cut is observed to have a measurable effect upon the circula-

tion velocities and salinity contours in the bay system. The extent of

the effect of Sikes Cut on Apalachicola Bay was not a part of this

study.

In addition, the model appears to be capable of being used as a

predictive tool for most conditions in the bay despite the fact that

areas near passes and fresh water inflow may be stratified at least for

certain times in the tidal cycle.



II. OBJECTIVE

There are currently a number of existing Federal projects within

Apalachicola Bay. The most extensive of these is a portion of the Gulf

Intracoastal Waterway  GIWW! which extends from the mouth of the Apa-

lachicola River through Apalachicol.a Bay proper and continues eastward

through St. George Sound. The GIWW project is the current focus of this

Investigat'ion.

In response to a permitting condition imposed on the Corps of

Fngineers by the Florida Department of Environmental Regulations, a

hydrodynamic and salinity model of the Apalachicola Bay was developed,

calibrated and verified. The model was required to be capable of

simulating a wide range of boundary forcing functi.ons  tidal elevations

and salinities, wind speed and direction and river discharge!. The

purpose of the modeling effort is to provide information on the current

snd salinity patterns within the bay so that, together with other

environmental data, an. assessment of the impacts that result from

channel maintenance msy be made.

The Apalachicola coastal zone is experiencing increased develop-

mental interest, Future development could threaten the productive

capacity of the estuary and the area's large traditional fishing indus-

try if adequate environmental safeguards are not employed. One tool

available to planners and environmental agencies to evaluate proposed

developments and the associated environmental affects is the numerical

model. Also, in addition to the modeling of the proposed action.

modifications of the original plans can be modeled to determine the

least adverse impact that ~ould result from new construction.



Therefore, in addition to satisfying the immediate need to evaluate

the environmental impacts associated with GEWW maintenance operations,

the existing model can also serve to aid in the assessment of impacts

that may result from proposed construction within the Apalachicola

coastal zone.



3,1 Governin H dzod namic E uations

The hydrodynamic equations used in WIFH are derived from the

classical Navier-Stokes equations and the continuity equation. in a

Cartesian coordinate system [191. For turbulent flow in a Cartesian

coordinate system as indicated in Figure III.1, these equations take the

form.

3u 3u 3u 3u 3n 8zu 8zu 3zu
p u � + v � + w � + � ! � pfv � ~ + c  + + !

8x 8y 8z 8t 3x z z3x 3y 3z
�-1!

8v 8v 8v 3v 3n 3 v 3 v 8 vp{u � + v � + w � + � ! + pfu = � ~ + e  + + !
8x 8y 3z at 3y 3' 8' 8'3x 8y 8z

�.2!

3w 8w 8w 8n 8 w 8'w 8 w
p u � +v � +w � + � ! = pg � +s  + + � !

8x 3y 3z 3t 3z 8 2 3 z 8 28x y z
�.3!

3p 8 3 8
� + �  pu! + �  pv! +  pw! - 03t 8x 8y dz

�-4!

III. THE NUMERICAL MODEL

The basic numerical model used fs a version of WIFH developed by

the U, S. Army Corps of Engineers at the Waterways Experiment Station

 WES! in Vicksburg, Mississfppf. [3,4,5,6,7]. The model al.lows simu-

lation of the hydrodynamics and salinity distribution in an estuarine

environment [20,21]. Jn this version of the modeh the fluid is con-

sidered as incompressible. The density f.s not considered to vary with

salinity and the hydrodynamic and salinity calculations are uncoupled.

In the following sections, the hydrodynamic and salinity equations are

presented as separate entities.



Figure III.I. Cartesian Coordinate System
for Problem Formulation

With reference to Figure III.L, the model differential equations

become:

Nomentum E uations

Bu Bu 3u a� +u � +v � � fv+g �  q � q !
Bt Bx 8y Sx a

32u 82u
+  u +v! -t  + !+F 0

C d dxs Bya
�. 5!

The usual two-dimensional depth averaged equations are obtained by

assuming: that the fluid is incompressible and homogeneous; that

vertical accelerations of the fluid are negligible; and that the hori-

zontal flaw is reasonably uniform over the fluid depth. The three-

dimensional equations are then integrated over the fluid depth from

bottom to water surface and forced to satisfy the appropriate boundary

conditions [16].



Bv Bv Bv B� +u � +v � + fu+g �  q � n !
Bt Bx By By a

+~ u +v! -s  + !+F 0v g 2 3 B2v B~v

C' d Bx' By'
�.6!

Continuit E uation

Bn B B
� + �  nd! + �  vd! = R
Bt Bx By �.7!

The surface elevation  n! and the depth averaged velocity components

 u,v! are the three unknowns in the model equations.

c
x ~ al + bLOL

y~a +b o 2
c

2 z

�-8!

where a, b, and c are arbitrary constants. The t ransf ormat ion is such

that all derivatives are centered in mspace. Many stability problems

commonly associated with variable grid schemes are eliminated via the

continuity of the transformation procedure.

Introducing the transformation indicated in equation �.8! the

governing equations in a-space can be written as

3.2 Stretched Coordinates

A major advantage of WIFM is the capability of applying a smoothly

varying grid as shown in Figure 111.2 to the given study region permit-

ting simulation of a complex landscape by locally increasing grid

resolution and/or aligning coordinates along physical boundaries.

Independently for each direction, a piecewise reversible transformation

[241 is used to map prototype or real space  x,y! into computational

space  u ,u !. The transformation takes the form
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momentum E uations

I
u + � uu + � vu � fv

I I 2 2

+~ Tl � < ! +~  2+ 2!U

I I C d

-e   � �! u + � �  � �! u +  � ! u

+ �   � ! u j+F =0I I

2 2 2 2 I
�. 9!

I Iv + � uv + � vv + fu+~ Tl - Tl !

+~ u +v ! � e   � ! v + �   � ! vV 2 2 ! I 2 I I

C <i 1 I I I I

+  � ! v + �   � ! v !+F -0I I I

2 2 2 2 2 2 2 2
�.I0!

Cont inult K uat ion

+ �  du! + �  dv! R
I I

I I 2 2
�.11!

where
3u

t <It
<I uuu ~ u p y e'tc,

I I

~X cI-I
benI d I I I �. 1.2!

c2-I
-~-b ca2 aa2 2 2 �. 13!

-10-

Quantities u and p define the stretching of the regular-spaced conpu-
I 2

tationaX grid in a-space to approximate a study region in real space

 directions o and a2 correspond to x and y. respectively!.

Many numerical. modelers have found it difficult to obtain meaning-

ful solutions to equations �.9-3.II! when advective terms  single bar



underlined terms of equations �.9 and 3.IO!! are included. These terms

are included in WIFM using a formulation by Weare [25J, The double bar

underlined last terms ln the momentum equations are representative of

equivalent internal stress resul.tants due to turbulent and dispersive

momentum flux [23[. They provide a mechanis~ for dissipating wave

energy of wavelength on the order of twice the spatial step by smoothing

curvatures developing in the solution. Although the finite difference

formulations used for these terms alleviate most problems encountered

when including such effects, appropriate grid parameters  time and

spat'ial step- sizes! for the phenomena being modeled must be chosen.

3.3 ModeL Formulation Schemes

The model partial differential equations are to be approximated by

finite difference equations. There are many computational techniques

that can be used as a solution scheme. Basically, solution schemes can

be classi.fied as explicit or implicit.

Explicit solutions are formulated such that each difference

equation has only one unknown. To advance the solution through time

it is necessary only to cycle through the equations solving for the new

variables at each finite difference cell. The solution scheme is

simple; however, such solution procedures generally have stability

problems which severely restrict the allowable computational time step.

Implicit solution schemes are formulated such that each individual

finite difference equation may have many unknowns. For the complete

finite difference grid, N equations in I unknowns will be obtained. The

implicit scheme thus req~ires solution of a system of simultaneous

equations. The implicit methods have more desirable stabiLity charac-

teristics; however, they are more difficult to formulate and may present



computat ional problems. This is especially true as the number of

simultaneous equations increases.

Alternating Direction Implicit  ADI! methods [11,12,13] represent

an attempt to retain the desirable stabil.ity characteristics of the

implicit scheme while utilizing a reIatively simple solution algorithm.

ADI schemes restrict the number of unknowns in each finite difference

equation to three. In addition, the coefficient matrix must be

tri-diagonal, only the coefficient on the diagonal and on either side of

the diagonal may be present. This generaI procedure leads to a two part

solution scheme in which the finite difference grid is traversed in the

x-direction followed by a traverse in the y-direction to complete the

calculation procedure for one time step. This modeI formulation, while

implicit, is ~elatively easy to formulate and has an efficient solution

procedure. A large number of hydrodynamic and water quality models are

based upon ADI formulations.

U +AU +BU ~0
t x y

�.I4}

where

n 0 d 0 0 0 d

0   u ! , A { g 0 0 ! . and B ~   0 0 0 }
V 0 0 0 g 0 0

-12-

3.4 WIFN Model

The partial di.fferential equations �.9-3.11! derived from physical

laws are to be approximated by finite difference equations. In the

program WIFN, a special form of the ADI method is used. This method is

known as the Stabilizing Correction  SC! scheme.

To illustrate the SC scheme consider the simplified linearized

matrix equation



 U � U ! + �   � 6x + � 6y! U + U ! = 0I,k+ I,k 1 A B k+1 k
2 Ax Ay

�.15!

where 6 and 6 are centered difference operators and the superscript k
x

indi.cates time level.s.

This equation can be written in a simpler form

 I+I +5!U=�-A � K!U
k+1 k

x y x y
�.16!

where

= � � A6
1 At'

x 2dx x

= � � b6I At

»y

By adding the quantity R k  U � U ! of order  Ax, At !, thek+I k

x y

equation can be factorized as

 I + A ! I + Z !U =  I � X ! I � A !U
x y x y

�. 1.7!

Introducing an intermediate value, 0*, and splitting the equation

into a two-step operation results in the basic equations for the Sta-

bilizing Correction  SC! scheme,

 I + A !U*  I � 1 - 2X !U
k

X x y

 I + X !U U* + l U
y

�. 18!

�.19!

The first step is to compute intermediate U* values during the

first 3 time step by sweeping the grid in the x-direction, smd the

k+I
second step is to compute corrected values  U ! during the second

time step by sweeping the gri.d in the y-direction. Completing, both

sweeps constitutes a full time step, and advances the solution to the

next time step. The stabilizing correction  SC! scheme has been found

-13-

Applying a standard Crank-Nickolson technique jl,8,9,IO] to equation

�.I4! yields



to be more satis factory than other AD I calculation procedures. The

k+1 k
quantity A A  U -U ! added t'o the equations for factoring purposes is

x y

In the h'IFM model, a three time level, leapfrog version of the SC

scheme is used. This allows all derivatives to be approximated as

centered derivatives. Under these conditions Equation 3.15 will take

the form

1  ,k+1 �� !  ~A ~B ! �+ �- !

After some simpiifications which reduce the number of equations from

three to two in both the x and y sweep, the difference equations for the

x-sweep become

�  o* � n ! + b  u d + u d! + � 6  v d! 0
1 k-1 1 k+ I k-1 I k-1

2At 2hx x
�.20!

1   k+1 k-1! +~ ~   q+ k-1!
25t 2hx x

�.21!

and for the y-sweep

1 k+1 k+1 k-I
�  q � q*! + � 5  v d � v d! 0
2At

�.22!

1   k+1 k 1! ~   k+1 k 1!
2ht 2hy y

�.23!

Observe that during the x-sweep a correct value of the x component of

velocity  U ! and an approximate value for the surface elevation  p*!k+1

is calculated. During the y-sweep the approximate value of q is re-

k+1
placed by the corrected value, p , and a correct value of the y

k+I
component of velocity  V ! is calculated.

-14-

of order  hx,ht ! and introduces no significant error into the calcu-

lations.



1   � k-1! 1 �   k+1 -k k-1 -k
1

1 k-1 -k+~6  v d ! - R at  n,m!Q �. 24!

and

�  u -u !+
1 k+1 k 1 1 k k

2bt 2p ba 2a
u6 u!

1 1 1

1 =k k ~kt b v 6  u ! � fv

+ ~     n*+ n - zn !!k-1 k

2p bc  a a

k+     k-1! 2   k 1! 2!!
 C d!

� t [ 1
  !

k

 abc 
 11
1 1

+
1 6  u! + 6   � ! 62o  u!k 1 1 k

 nba! 22 2ybu 1 1
2 2 1 1

+ 6a 62a u ! ! + Fa G at  n~m + 2! �.25!1 1 k k 1

1

The difference operators are defined as

for any variable Z.  ! - Za~! � Z�!

2u   ! Za+1 e-1

The SC scheme can be expanded to the ful.l model equations. Appro-

priate variables on each grid cell in a space-staggered fashion are

defined as shown in Figure Ill.3. Note that because of the space stag-

gered definition of variables the finite difference equations are

written for various locations in the finite difference cell, these

locations being consistent with where variables are actually defined.

The difference equations for the x-sweep are



Q � V E L0C I T Y IN THE
X - 0IRECT ION   LI !

VELOC I TY IN THE
hl Y - DIRECTION   V !

X SURFACE ELEVATION   n I
WATER DEPTH i,d!
FRICTIONAL COEFFICIENT   C OR

Figure III.3. Grid Cell Definition

In addition a single bar over a variable  such as d! represents

a two point average and a double bar over a variable  such as v! repre-

sents a four-point average.

Applying these equations at each grid cell in a given direction

results in a system of linear algebraic equations whose coefficient

matrix is tridiagonal. It should be noted that the entire grid of

finite difference equations is not solved simultaneously. The numerical

procedure allows calculations of one rov  or column! at a time. In

fact, if there are more than tvo boundary conditions to be applied on

the rov  or column! then the rov will be broken into separate computa-

t iona I segmen ts . A coypu t at ionai segment' is de f ined by a lower and

upper boundary condition to be applied on the rov  column!. The numer-

ical procedure actually solves each computational segment independently.

Gathering the terms to be computed along the x-direction at time

level �+I!At, equations 3.24 and 3.25 can be vritten as follows

-a IIe + a !u ! + a IIIe ! 8 ! at  n,Mj! �.26!
and



k+I k+I
+ O* + a u = A at  n m!m � ! m-f n,m m+! n,m+i   F ! �.27!

where

A � k I � At 6 k-I -kA �   ! 6  A = q  U d !
I m L I

 v d !+Zdt R
2kt k-I -k k

2 n 2 2 n,m
�.28!

62  u !k

"2
 V2! Aa2!

k-I k11 ~ ~ u ~ + At  v �f

U 6  D !
k k

n,m+f 2a
6  k I 2k! ul! lhaL al " "a uI!~>~ I

+ 2z[ +
I I 2"2

   I! ! I!    2! 2!

+
I 6   � �2  u !I k

2 y ! ha I I I
m+! I

  � ! 6  u!l+2F
I k k

2 >2 2a2
�.29!

2 p2! ha22 n
and

k
n.m+! 4 n+3,m n-f,m n+3,m+I n-!,m+I �. 30!

The coefficients are defined as

ht
d

m+f  p ! Aa n,m~J {3.31!

�. 32!m m+1  y I! !ha 1

"n,m+k "n,m+!
n,m+f

�.33!

-17-

For a finite difference cell adjacent to the model boundary, certain

boundary conditions on velocity or surface elevation will be specified.



For example, at a land boundary the velocity normal to the boundary is

zero. At a river boundary, the velocity will be a specified function of

time. At a tidal boundary, the surface elevation vill be a prescribed

function of time. For example, assuming that n is a specified water

k+1lower boundary and that u is a given velocity at
n,L+!

elevation at the

the upper boundary, the equations for line n can be written in matrix

form.

*

M+!N+j M+1

M+1

k+1
"M+3/2'M+3i2 W2 'M+3�

0 ... -a0 0

k+1
= -R n~ + Su ! � R �.35!

where

m+f
1

m+f

m+1

a

�.36!

and

-18-

�.34!

By defining the process of elimination as a set of recursive

formulas, the above tridiagonal equations can be solved with a minimum

number of operations jll]. Starting with equation �.26!



m+f re+/ m 4 �.37!

By substituting equation �.35! inta equation �.27!  evaluated at M+I!,

we obtain

k+I-a~! -R nial + S ! + n~l + am3/2 u~3/2 = A +I {3.38!
or

k+In* = p + Q
m+1 m+I m+3/2 m+1 �.39!

where

m+3/2 eH-I m+k m
m+1 1+a R ' m+I I +a R

m+3 m m+f m
�.40!

4+I

m+3/2 rn+I m+2 m+1 �. 41!

where

m+3/2 m+I m+I

m+I m+3/2 m+I m+I
m+2

m+I

m+3/2 m+1 m+I

The recursion formulas, in general., can be written as

k+1
q*=-P u +A

m m m+! �.43!

u = -R q+ + S
%+I
m-3 m-I m m-I �.44!

where

T2=a +a P
m+3 m m

Tl = I+a ! R
m-l m-I

A + a S
m-f m-I

m Tlm Tl

�. 45!

B !+a Q
m T2

m+ I
m T2

In the Fortran code fractional subscripts are not permitted. The

variables as defined in Figure ZJI.3 are represented by the same coordi-

nate index  N,H!. Using this notation. the expanded form of the recur-

sion formulas for the x-sweep can be expressed as:

Also the velocity can be expressed as a function of the next water level



Coefficient E uations

ht d

/ fI +
 ul
M I

dt d

 ut
M IA I R ] �.46!

At d -k

1 2M-I 1

2AtDl = I +
-k

! 2
N >M N >M+I N,M

�.48!+~ P

/ Dl
1 2M

�.49!

�. 50!

The soiution for each computational segment in the x-direction can

be expressed as:

�.51!

k+I
N,M-I M-I N,M M-I �.52!

The recursion coefficients, P, Q, R, and S, can be computed in

succession between boundaries on column N. Depending upon the types of

boundary conditions  solid boundary, tidal elevation, flow conditions,

etc.! that are applied, various approximations of these coefficients are

required. Having calculated the set of coefficients, the solution

equations can be solved for the approximate surface elevations, n > and

the x velocity components  k+1! in descending order within the computa-

tional segment.



The second portion of the compotation scheme is a similar opera-

tion, but this time solving for a corrected value of the surface ele-

k+1 k+1
vatians, n, and the y velocity components, v

For the y-sweep:

Coefficient Equations

bt dV M Y 1

 "2! 2N-1" 2 2 2N-1 2
�,53!

bt d L,N N � L,Hq - [A� +   ! b S, 1] 1 [1 +   ! b R� ! �.54!
2 2N-I 2 2 2N-1 2

2 At
D2 L+

N,M 5+1,M V, M

�.55!+ P
2 2N 2

N ~ p ! a �.56!

s =IS+    � QI/D2
2 2N 2

�.57!

k+1 k+1
N,N = -PN N,M + QN �.58!

K+ I k+1
N 1 M N-L N M N-1 �.59!

3.5 Bounds Conditions

The program WIFM is formulated to handle three different general

types of boundary conditions. These boundary types are: open bound-

aries. water-land boundaries, and subgrid barriers.

The solution for each computational segment in the y-direction can be

expressed as:



3.5.2 Water-Land Boundaries

The assumption made at these boundaries is that of "no-flow"

normal to the boundary. This condition fs satisfied by setting

u=0 or v=0 at the appropriate cell face.

Since the program WIFE has a flooding capabil.ity, low-lying areas

may dry and flood alternately several times within a tidal cycle depen-

ding on the flow conditions. Flooding and drying of a cell is con-

trolled by checking the water levels fn adjacent cells. The initial

movement of water onto a dry cell is computed by a formula IL7] given as

Q = +COdH dH �. 60!

The closed boundary face is treated as open after the water level

on the dry cell exceeds some small prescribed value  c*!. Computations

for water elevation  n!, and velocities  u,v! are made for that cell as

soon as tbe water level exceeds the value of s*. In equation �.60!,

the admittance coefficient is taken less than 5.0 for controlling

movement of water onto a dry cell. The drying of cells is inversely the

same procedure as flooding. Pfgure III.5 shows the graphic representa-

tion of flood cell treatment.

-22-

3.5.I Open Boundaries

These boundaries define the computational cell rows or columns

exiting the grid. At these boundaries water levels or flow rates are

prescribed as functions of location and time. This is usually in the

form of a tidal gage output or a river hydrograph. The open boundaries

are shown on the grid for Biloxi Bay in Figure III.A.



OP~~ eaUNDARv



CELL

INTERFAGK

Figure LIE.5. Flood Cell Treataent
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3.6 An Introduction to the Salinit E uation

As an introduction to the salinity computations consider an ap-

proach similar to that of Schmaltz [20,2I]. The simplified equation

Bc B uc! B vc!+ +
at Bx By

will be analyzed.

The following finite difference form of �.6I! is considered.

n+I n bt

i,k i,k bxby R L T gB �. 62!

where

f � : right flux for grid cell surrounding c
i,k

f = left flux for grid cell surrounding c

g = top flux for grid cell surrounding c

� 25-

3.5.3 Subgrid Barriers

Subgrid barriers are defined along cell interfaces. The three

types of subgrid barriers are shown in Figure ZZI.6.

The first type, namely exposed barrier, does not permit fluid flow

across the appropriate flagged cell faces. As the water level increases

the exposed barrier becomes an overtopping or submerged barrier.

Overtopping barriers can be submerged during one segment of the simu-

lation and totally exposed in another.

For submerged and overtopping barriers the flow rate across the

barrier is again computed by using the transport formula, equation

�.60!. The admittance coefficient  C<! for the submerged and overtap-

ping barriers wiI1 differ from that governing the initial movement of

water onto a dry cell.
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+'I

V=C d ~dlIV s

WATER IS PASSED TO LQW SIDE

ACCQROING TQ FLOW Rg, TE y

Figuz'e IXI.6. Barrier Conditiaas Trembled by MXPN



g: � bottom flux for grid cell surrounding c
i,k

The quantities in Equation 3.62 are indicated in Figure III.7. Several

Figure III.7 Notation for SiepIified Salinity Equation
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3.6.1 Upwind Solution Scheme

The upwind solution scheme insures that changes in salinity for a

cell are consistent with the direction of t' he fluid velocity. The

finite difference approximations differ depending on tbe direction of

the fluid velocity at each cell face.

c  ~y!

c  hy!
!

!

i!k

u
  i,k

R

i,k

�.63!

i-1,k i, k
f =  !

� 1 k

�.64!

i k

i,k

i,k ' 'i,k+1 
g

v � ~ c  Ax!
J l

�.65!

i,k-l
!

i,k-l

�.66!

Let us consider the case ui k ~ 0 , ui-1 k ~ 0 and vi k ~ vi k 1 o o

illustrate the final form by substituting the above relations under

these conditions into Equation 3.62:

approximations may be obtained for f , f , g , and g based upon alter-R' L' T' 8

native finite difference schemes. The solution scheme used in this work

 flux corrected transport! will make use of two finite difference

approximations for the terms in equation 3.62; the upwind difference and

the central difference approximations ~



n+I

i,k i,k i,k i,k

i,k i,k i,k-l i,k-l
�.67!

If ui k ui-l,k and

the f ol lowing f orm '-

vi I k , then the above equation reduces toi,k

n+I n

i,k i,k i,k i,k
f.,k i-l,k Ay i,k i,k-l

�.68!

and the space differences are only first order accurate. In computa-

  i+l,k + 'i,k!
f = ui k ' 2 '  hy! �.69!

'i-l,k + 'i,k'
L i-l,k 2 �.7G!

 c. + ci,k i,k+I  A !
gT i,k 2 �. 7I!

ga = i,k-l �. 72!

Substitute the above relations in Kquation 3.62 to obtafo:

i k il k
2

�.73!

n+I n At i+l,k i, k
 c +c !

i k i k Ax i k 2

i,k i k-I
2

  i k i k+1!
-z,' i,k-l

tion, an artificial  numerical! dispersion is introduced by thf.s scheme.

3.6.2 CentraI Difference Solution Scheme

A more accurate mathematical representation �nd order accuracy!

but less accurate representation from a physical viewpoint is obtained

by representing f , f , g and g as central finite differences.
3



Note if ui k = ui 1 k and v,, = v, then the eouation reduces tot i, k i,k- I

n+1 n

i,k i,k i+1,k i-l,k
At i k 2hx

i, I+ I i, k-1
i,k 2hy

�. 74!

3,6.3 Combined Upwind and Central Difference Solution Scheme

In order to avoid negative concentrations but reduce the smearing

effect, the following combined scheme has been suggested.

i,k i,k i+1,k

 c +c !i,k i+1,k  ~ !
i,k 2 hy

i,k i,k i+l,k

i.,k i,k i+1,k

�.75!

i,k i+1,k

  �+ k!
i,k i,k i+l,k

i-l,k i-I,k i,ki-l.k i � l,k

i-l,k i-l,k i,k
�.76!f

L

i � l.k i-l,k i.kui-l.kci,k by!

 c +c !i.k i � I,k  ~ !
i � I k 2 i-l,k i,k

-3G-

Observe that the spatial differences are centered in the x and z di-

rections and are thus second order accurate. Although these forms are

more accurate than upwind differencing, an oscillatory behavior has been

observed when they are applied in regions where 1arge salinity gradients

exist. Prom a physical viewpoint, this method can permit salinity

transport opposite in direction to the fluid velocity at a cell face.

Negative salinity values for a cell may be obtained using this differ-

ence scheme.



Analogous expressions hold for g and g . This scheme is similar
B

to second upwind df.fferencing and uses the central difference approxima-

tions as often as possible. Lower order differencing  first upwind! is

employed as necessary to eliminate negative salinity values. The

effective advective concentration employed in an outgofng flux is always

less than or equal to the concentration of the cell providing the flux,

3.6,4 Flux-Corrected � Transport  FCT! Solution Scheme

This method was originally developed by Boris and Book [2J. It was

subseouently improved, and generalized by Zalesak [26J. It is a two

step method, first involviag a lower order calculation and a correction

to a higher order solution. The upwind solution scheme as given hy

Equations 3.63 to 3.66 is used to compute the first order result

td n ht 1 1 1 I
f,k i,k hxhy R L T B �.77!

where c is the first order  transported and diffused! concentration.
td

T

Antidiffusive fluxes are defined as

"R = 'R � 'R2 I

m f f
2 1

�.78!

2 I
"B 'B gB
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A higher order scheme, e.g., the central difference scheme as given hy

equation.s 3. 69 to 3. 72, can be applied to compute higher order fluxes
2 2 2 2fR' fL' gT' and gB



It is these antidif fusive f luxes which are limited in the Zalesak
procedure such that

c

R R i+/,k O~D
i+/, k

c
O~D!<1

�.79!

OSD I
i,k+f

c
H i,k-f

Finally

n+l td hC c c c c
i,k i k 4 6 R L T H �. 80!

3.7 Full Multidimensional Flux-Corrected Trans ort Al orithms for
Fluid s

Consider the simplified two-dimensional salinity equation in the

following fashion. Two solutions are introduced:

Ltd n ~ -1 ~ L Lci . - c  hx .Ly..!  ht!  F ! . � F

L L

i, j+f �. 81!

and

Htd n ~ ~ I ~ FHi.�   i.yij!   ! i+! j-Fi!

H H+ F . ! � Fi . !! �.82!

difference between the solutions may be written as

where c . represents the lower order transported and diffused solution
Ltd

i,j

and c . represents w the higher order solution. We observe that the
Htd Htd

i,j



Htd Ltd -1 H L Qx. jAyi .!  ht! [ Fi ~ j FI+~ .!

H L H L-  !j � !.!+  � ! �.83!

�  F � F !]H L

i j-f I j->

Note this difference is writt.en as an array of fluxes between different

grid points and is the condition required to Implement the flux correct-

ed transport scheme.

Flux-corrected transport is implemented in the following fashion

Ltd Htdfor Implicit difference schemes for w , and v
i,j i,j

Ltd1. Compute a lover order solution c ' . for all cells.
i.j

2. Calculate the flux rate through each face of each cell
L L L L

Htd3. Compute a higher order solution c . for all cells
i,j

4. Calculate the flux rate through each face of each cell
H H H H

I+/,j ' i-!,j ' I,j+f ' i,j-f
H L5. Determine the antidiffusfve fluxes  F -F !  A! for each face

of each cell.

6. Limit these antidiffusive fluxes  A! as follows:

A . =A .D
i+j,j I+!,j i+/,j �.84!0 < D i . < 1

iJ

etc.

ly.
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The determination of The coefficients  D! will be discussed subsequent-



7. Apply the limited antid f f fusive fluxes to determine the

solutio~ for the new time step.

c, = c . -  dx .dy .!  dt! A . � Ai
i j i j fj ij f+!,j f-!,j

�.85!

+
P = the sum of all antidfffusive fluxes into grid point  i,j!

= max �, A .! - min �, A ,!
i+],J �.86!

+ max �, A .,! � min �, A . !!
i,j-f J+

+ max LtdQ j -  c - c .! Ax .dy. ! �,87!

min �, gf j/Pf .!
i,j f,j

P, ~ 0
i,j+

i,j �.88!

P . 0+ i,j

P . = the sum of all antidiffusive fluxes out of grid point  i,j!f.,j

~ max  O,A, .! � min �> A, .!
f+5, j f-3 r j �.89!

+ max �, A . >! � min �, Ai ~ !i, j+> 1

fgJ i j fyJ fsJ ~ J �.90!

i  I.  |f '/ i
i,j i,j

p > 0

�. 9l !
P ~ 0

The li.miting coefficients are then given by

-34-

The crucial step in the above process is Step 6, the flux-limiting

stage. The following quantities are computed to allow determination of

the flux limfting coefficients  D!.



.=0

�,92!f+f, j

i,j' i+1,j A . < 0
i+i, 1

�.93!

i, j+k

Prior to the application of equations 3.86 thru 3.93 the folIowing

calculations are necessary.

for A . c. . - c. ! < 0
Ltd Ltd

i+/«j 1+1>j 1>j

Ltd Ltd

i+/, j 1+2, j i+I, j �.94!

Af+! - '-Ltd Ltd

i+ >j i>3 i-I >3

A,~=0 forA. c l-c.!<0Ltd Ltd

i>i+ i,j+f i,j+1 i, j

Ltd 1td

i,j+f i,j+2 i,j+1 �.95!

Ltd Ltd ! < 0
i, j+f i,j i,j-l

�.96!

b n Ltd
�. 97!

max a a a a ac.. = max  c. c . c . c I c ! � 98!

min b b b b bi j - min  Ci-I j' ci j ci+1 j ci,j-l' i j+I! � 99!
Zalesak notes that while the solution will be kept betveen c andmin

c, monotonicity may in rare cases be violated.
max
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D i, j+f

A. I . 0

min  R,, R .!i+1,j' i>j

min  Rf I' Rif,j+I' i,j

min  R ., R . !
i,j ' f,j+I

ci . =max  c ., c .!a n Ltd

i,j i,l f>3

> 0
f >j+l



3.8 The Com lete Salinit Equation

Consider application to the general one constituent water quality
equation

3P
a HP! a HuP! B HvP! a aP v a+ � + � � �  HD � ! � ~ � HS = 0at Bx 3y Bx x 3x >y A

+ �.100!
source

In our' use of the equation, P is the salinity; however, the equation can

be used to consider an arbitrary pollutant, not affected by the fluid
densitv.

The finite difference scheme is the ADI implicit formulation with

n+f n+! n
',k ',k ,k

n

j,k n n+f n+f n+!!
j-!,k j-f,k j-!,k j,k

2

j+~,k "j+>,k  'j,k + 'j+l,k 4Ax � ' j,k 3 j,k l

I
j k I j k j,k+! j k+! j k+I j,k 4Ay

�.101!

I n+> n+> n+> n+ l n+f[" D  P- k � Pj I,k! � '"j+l,kk x

x Dn+f  Pn+! � Pn+!!j + [sy D
x ! j+I,k j,k 2 A !g j>k-l y.

f

n n n Dn  pn pn
k+f y j,k+1 j,k

j,k+f

the time step At being split in half to advance the solution from t to t

+ At. Variables are defined as shown in Figure III.8. In the first

sweep from t ~ t + At/2 the following finite difference eouations are

employed in an x sweep of the grid.



Q - VELOCITY IH THE
X - PIRECTIOH   U !

VE LOC I T Y I k THE
Y - DIRECTION   V !

' ~ SURFACE ELEVATIOH   I! !
WATER OEPTH  d!
FRICTIONAL COEFFICIENT < C OR n >
SA LI N I T Y 'P J

Figure III.8. Space Staggered Grid System

where

n n
~ j,k+j j,k+1 + j,k j j k+j ~j+j,k+j

The equation for the x sweep is then written in the following general

form:

pn+j pn+j n+j
�.102!

+ /2 h " + ~ [ h + ~ ] + [ h + "+t/2 X t t

[ h + n ! D 6 P] � b [ h + o ! D 5 P ] ~ G at j,k.n+j
x x x y y t

where

P k h �k! P k h+n !n+1 = a+1 n ~ n+j
1 ',k6,/ [P h+ n!]

At
2

with

j+j,k+j j+j,k-j j-j,k+j j-j,k-j
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Let us now consider the y sweep in which the solution is advanced from

time level n+j ~ n or t + At/2 + t + At. The constituent equation for

the y sweep is expressed as:



 h. + h. + ,"+' + ,"' ![ -v -x! -x ] [ ,k+j ,k-j 3+j,k -j,k
2

['"j+j,k+j

 j+j,k-j "q+1,X "j,k "j+j,k j+>,k

+ P. !/Apx] � f h, + h.
n+j
j,k j-j k+j j-j k � j

k "1kjkk � 1k
n+j n+j n+ j n+j n+j

 h, + h. +, + . ![  x -y! -y] [ ' j k -j,k "',k+j "',k j
y t t y 2 t

pn+1 pn+1+ P

2 j+j,k+j

n+j n+j n+I n+I
j � j,k+j nj,k+1 nj,k j,k+j j,k+1

+ P"" !/4~y] � [ h j j + h
n+j n+j n+1   pn+1 +

! /4by]g,k-1

n+j

f  h.

+j m$ +j +j

-P !/2hx ] � [ h j j+h

n+j n+j n+j n+j p+ 
ng,k "j-l,k, k j,k j-l.k

2

[ yx!] [jk+jkj+jkjk
X X X X 2 X



-x -y  h. + h + n"+~
6 [ h +n !D b p J =g [ +i.k -3,k,k+f

y y t y

  n+1
k

j+>,k+>

+ h + n+f n+j n+1
j-f,k+J j,k+1 j,k! y.

yj, k+f
n+1 n+1

y J � [  h.+!

nn+l + n+l ! On+1
j-l,k-i

j,k-!

x   P, � P !/2$y2Jn+1 n+1

j,k-l

The equation for the y sweep can be simplified to the form:

n+ 1 n+1 n+1
k-1 j, k-1 k j, k k+1 j,k+1 k �,103!

Transforming Equation �.100! from x-y space to c � n space vields th
1 2 e

following result.

 dus!
1

 ds! + +t 1'1

 dvs!  s!
2 1

[dK ] + � [dK
1

2 1 1 1 1 2 2

 s!

2 ]
'2

�.104!

where d is introduced as the depth in place of H

  ! = >/>t

  ! 3/Ba
a 1

- a/Vn
a 2

Equation �.104! is the actual equation that is the subject of numerical

approximation in the WIFE model. Consider the space staggered grid

shown in Figure III.9 and the datum convention illustrated in Figure

111.1G.
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Figure III.10. Datum Convention Employed within the
Space Staggered Grid System



Introduce the following notation as a prelude to formulating the

numerical. approximations. Define for an arbitrary variable F, wherek
n,m'

t = kit, y ~ nay , x = radix

6k Fk ! = Fk+f Fk
t n,m n,m n,m �.105!

6  F ! =F � F
a n,m n,m+f n,m-3 �. 106!

 F ! ~F � F �.107!

 F +F !
n,m+f n,m-f

�.108!

2 n+f,m n-f,m F +F !

F 2
n,m

�.109!

3.8.1 Leendertse FTCS Nultioperational Scheme

The approximations for the x-sweep using a forward tizne-centered

space scheme may now be written as follows

At 6
k
6  ds! + 2Z  1

t 2ha  y !

QL GL

�.110!

a2 kkk
dsv

2 u2! ha2 n

6,t 6
'2

2

1
F

0~m

[ � K1 14

k o2

  !"'*
K

k+ f*

ol  I 2!

 s !2'
  ! ] 0 at  nm!

2 n



If we Place all terms at time level k+j* th 1 f hon t e left-hand side of the

equation and expand

{�k+1* k+j»
n,m+I n,zrf-l n,m n,m k+j*

2 "n,m+j

k~j* kyj*
 s +s !

n,m+I n,m
k+j* k+j» n -h +Tr -h !n,m-1 n,m-l n,rrr n,m k+j»

2 n,m- j

k+j* k+j* s +s !
n m 1 n,rrr At

2
2AaI P !

�.11I!

kp j* kyj* kyj* kyj*h + rr � h !  s - s !n,m+I n,++I n,m n,m n,m+I n,m k+j*
 rrl! +j +j

k~j*
{n n,m- I k~j* kyj* k~j*

n,m I n m n e n m n m 1 �k+j*
2 {IJ ! x

1 m-j n,m-j

Placing all terms in �.1ID! at time level k on the right-hand side,

denoting the result as B , we obtainn'

At n+I,m n+I,m n,m n,m k
2Aa2{rr2! 2 n+j,m

B  ds!
k

rrr n,rrr

 s +s !
k k

n+1,m n,m  n +h +rr +h !  s +s !
k k k k
n-l,m n-l,m n,m n,m k n-I,m n,m

2 n-j,m 2
�.112!

k k
At

 lr +h + rr
n+1,m n+1,m n,m

2 P !  Aa2! 2
2 Il

{rr +h +lr +h !
k k
n I m n lm nm nm

! k+j* At
n,rrr 2Aa {rr !

1 1 m

+h !  s -s !
k k

n,m n+I,m n,m k

 u2!~j "y

k k
 s -s !

n,m n-I.m k

 P2! j y'



Collecting all results we obtain the foll i i ie o ow ng interior equation.

ppr the x � sweep the equations may now be written as:

n m-I m-I n m n m n m+1 I
where

a

"'~+* '
d

n,m->
n,m-l 2t a  v !

I I m

u {K!
k+ j* k+!»
n,m-f x n,m-J

2 Aa {p! {3.114!

a

At ~k+ * k+1~
d u  K! k+/*

I I m I Im+!
{3.115!

a k+/*

{d�!
I

k+f* At n,m+f
an,m n,m 2Aa  p ! 2

k+/*
  � !

I
du

Q ym-f

�.116!

aI!k+k»   l!k+/*
dK dK

n,m+f

The approximations for the y-sweep may now be written as follows:

At 6
'2 2

' k+I
k+/* '2 '2
t 2Aa  p ! k+I k+I k+I

2 2 n d s v

�. 117!

k+/*At 6 6  s !
I I k+!» I

«p»ding �.117! by employing �.105-3.109! and collecting terms at

time level k+I on the lef t-hand side and leaving terms at t ime level

k+l* on the right-hand side the equation for the y-sweep is obtained.

6

2Aa  u !

At

2A I{ul!
2

  k+I!
Kk+I 2 !
a2 {t 2!2 n



k+l I+ I k+I
-a s +a s +a s =Bn-l,m n-l,m n,m n,m n+I,m n+I,m n �.118!

where

2
"' k+1

d
n-f,m

n-l,m 2da2~I�!
2 n

k+ 1 I+ I
V    

2d p! t'3.II9!

 x2
dt's, !

k+ I k+ I I+I
n+!,m n+ ,m ~n+!,m

2d"2 42! 2 da2 ~2 +2 n 2 2 n+
�. 120!a

n+I, m

  ! k+1

k+1 dt ~ m3 .m
2da  p !� 2

  ! d !k+I
n-l,m !
2

�. 121!

02

 dK !

2da  p ! 2 n+i2  I !

a

 dK !

 u2!� !

k+k+ dt     I ! k+3»   I ! k+l" !
n n,m 2 n ! aa  k+/* n,m+  ~ !k+ * n,m-$

 ds!n,a+ ! n, s -J

k+ f*a  s � s !   I ! n,m+I n,m
2 p !  ha !  dK !2 4+3*  y !

I aH.J
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3.8.2 Leendertse FTUS Multioperational Scheme

This scheme is similar to the Leendertse FTCS technique except that

upwind differencing is employed for the advective terms. The necessary



mod if ications for the x-sweep are shown f n Table 3. I while those em-
ploved for the y-sweep are given fn Table 3,2,

The FTUS scheme may be obtained fram the FTCS scheme pragrammfng
wf th only modest programming modif f cation.

3.9 Flux Corrector Scheme for Salinft

The Flux Corrector  FC! scheme described earlier is utilized for

the salinity calculations. The FTCS scheme of Leendertse is used as the

lower order solution and the FTUS scheme as the higher order solution,

This solution scheme requires mare computer time than most other schemes

since the system of equations is solved twice; i,e., the lower order

solutian and the higher order solution, The increased accuracy of the

results especially in areas af large salinity gradient justify the

increased computational requirements.



Table 3.1. X-Sweep Modifications FTUS

FTCSpqUATION
FTUS

3. 112
s

n,m

k k
n-I,m n-j>m

3.112

ki j*
max �., u a!

n,m�
3.113

3.114

3.115

 s +s !k k
n+I,m n,m

 s +s !k k
n-I,m n,m

kyj»
"n,m-j

2

k+j*
"n,m+j

2

k
s

n+I,m

k
7 j 0

k
n+j,m





IV. APALACHICOLA BAY SYSTEM

4,1 Ph sical Descri tion

The Apalachicola Bay System, Fi u Isure I.l, is a barrier island

contained estuary on the Florida Panha an andle. Apalachicola Bay is the

principal embayment with St. Vincent Sou d t hn oun to the west, East Bay to the

north and St. George Sound to the ea t The east. T ese waters comprise an

integral estuarine system and are identifi d A Ie as Apalachicola Bay in this

report. St. Vincent Sound is about 9 mile I d 2 iles ong an miles wide with a

surface area of about 18 square miles. East B i hay s t e smallest water

body being about 5 miles long and over 3 miles wide at its mouth Its'

area is just over 17 square miles. St. George Sound is approximateiy 11

miles long, averages about 4 miles wide and covers an area of about 48

square miles. Apalachicola Bay is approximately 12 miles long and is

about 6 miles wide. The bay covers an area of 77 square miles. Barrier

islands separating the embayment from the Gulf of Mexico are: St.

Vincent, St. George and Dog Islands. Access to the Gulf is afforded by

Indian Pass, West Pass, Sikes Cut, and openings on each end of Dog

Island. All. of the openings are natural except Sikes Cut which was

originally dredged across St. George Sound in 1954. The bay system is

shallov, the average depth being only about 10 feet.

The Apalachicola River originates from the drainage of the

37,500-acre Lake Seminole formed by the Jim Woodruff Dam, the source of

'the reservoir being the Flint and Chattahoochee Rivers. The Apalachico-

la River, together with the Chipola River which joins the Apalachicoia

about 35 miles north of the mouth, is the maj or source of nutrieets

supplied to the Apalachicola Bay estuary. This river system drains

approximately 13,400 square miles of Georgia, 3,200 square miles of



Alabama and 3,400 square miles of Florida Th
mean discharge into

Apalachicola Bay is approximately 23 300 c s. The actual. river dis-

charge into Apalachicola Bay is throughroug an involved mesh of marshy

channels, as indicated in Figure
~ ~ e major inflow sources into

the bay are East River, Marks River and Apal hi I Ripa ac co a ver. East River

and Narks River are branches of Apalachicola River . The ob served

relationship between flow rates in Apalachicola River, East River and

Narks River are shown in Figure IV.2.

The Apalachicola, Florida area is served by several small craft

channels and ports. Eastpoint, Florida, Two Nile, Florida, and Apalach-

icola, Florida are served by Federally maintained channels from deep

water in the bay into the ports. The Gulf Intracoastal Waterway with

pro]ect dimensions of 12 by L25 feet traverses the lower six miles of

the Apalachicola River and continues through Apalachicola Bay and St.

George Sound ta Carrabelle. Direct passage to the Gulf from Apalachico-

la is provided by the St. George Island Channel  Sikes Cut!. A natural

channel, suitable only for very small boats, provides a somewhat pro-

tected route from the Eastpoint channel to the processing houses at

Apalachicola. The projects are shown on Figure IV.3.

4.2 Climate

The climate of this locality is typical of that experienced on the

northern Gulf of Nexico. Because of the moderating effect of the

surrounding Gulf, temperatures are usually miId and subtropical. in

nature. Southerly winds produce frequent afternoon thundershowers in

summer whi.le winter storms are of the frontal type in which showers

general.ly last the duration of the storm.
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The average mean monthly rai.nfall for the Apalachicola Bay area is

4.7 inches with a mean annual rainfall of 56.1 inches. Maximum rainfa11

occurs during the summer months, September being the wettest month. The

mean rainfall from June to September is 28.6 inches, which accounts for

approximately 55 percent of the annual rainfall. Convection type storms

are the predominate source of rainfall in the summer months.

Ambient daily temperatures for the summer months average between

73'F and 86'F with the higher daily temperatures occurring in August.

The mean monthly temperature varies from a low of 54.4'F in January to a

high of BL.4'F in July and August. Periods of caId weather generally do

not l.ast more than a few days, and the temperature rarely fal.ls below

freezing for more than an entire day.

The surface wind is influenced by the Bermuda High throughout the

year. Easterly component winds prevail for all months, varying from

northeast to southeast. Minds become more variable in both speed and

direction on approaching the coast and continental influences. The wind

effects of the Bermuda High are greatest during spring and summer. Al-

though these winds have a high constancy, they are relatively light and

are responsible for summer minimums in mean wind speeds. The record

highest winds are likely to occur during the summer or early fall.

during the season of tropical. cyclones. In the fall, the continental

influences increase, becoming greatest in February and March, the months

having the highest mean wind speeds. Ncaa wind speed varies from a low

of 6.6 miles per hour to 9.1 miles per hour in March.

Tides in the area are semi-diurnal. The mean diurnal range is l.6

feet and the extreme. except during storms, is 3 feet. Abnormal laws,

often for protracted periods, frequently occur during the winter when



northerly winds predominate. The maximum tide measured in recent years

occurred during the hurricane of August 1950 when the water level rose

to 6.8 feet above mean sea level..

4.3 Features

The thousands of acres of protected waters within Apalachicola Bay

furnish some of the better small-boat, salt-water fishing to be found

along the South Atlantic and Gulf coasts. Numerous scattered oyster

reefs and grassy flats are the preferred habitat of game fish such as

spotted seatrout, redfish, and flounder. Most of these areas are

accessible only by boat and offer fishing opportuni.ties in nearly

pristine surroundings. While spotted seatrout is the most popular

sportfish, redfish is a close second. Additionally, pompano, jacks,

bluefish, and spanish mackerel are taken in the vicinity of Indian Pass

and the outer beaches.

Water temperatures in Apalachicola Bay range from 37'F to 93'F,

with low temperatures occurring during the winter months  December

February! and high temperatures occurring in July, August, or September.

Salinities range from 0 parts per thousand  ppt! to approximately 34

ppt. Most of the bay appears to behave as a well mixed system much of

the time; however, significant stratification can occur. Turbidity

levels vary widely and appear to be directly related to river discharge

and wind speed.

In general, the environmental characteristics of Apalachicola Bay

reflect the undeveloped and relatively unpolluted nature of the area.

However, high coliform bacteria levels preclude the harvest of oysters

in certain areas with Apalachicola Bay. Haters are permanently closed

to shellfish harvesting within a triangle formed by Creerr Point,



Apa j achi co la, and the 90 degree turn in the GIWW in the middle of

Apa>achicola Bay and within a two-mile radius of John Gorrie Hemorial

pridge. The other waters of East Bay and that portion of Apalachicola

pay north of the GIWW and west of the bridge to St. George Island are

conditionally approved for shel lf ish harvest ing .
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V. THE FINITE DIFFERENCE GRID

The Apalachicala Bay system is represented in the numerical model

using a variable cell size finite difference grid. Due to the large

number of cells the grid is presented in four parts; St. Vincent Sound,

Apalachico I a Bay, East Bay and St. George Sound. A high re solut ion

numerical model was desired with particular emphasis on areas near

passes, channels, and other critical features.

The finite difference grid was developed using a 1:48,000 scale

nautical chart developed by Raytheon Service Company based upon a bathy-

metric survey during September 1983 and. Ywrch 1984. Bathymetric data

from the survey were digitized and the best average depth for each

finite difference cell was calculated. Manning n friction values for

bottom material  mud, sand, weeds, etc.! was also digitized in a similar

manner.

The dimensions of the resulting finite difference grid was 99 by 79

cells or a total of 7821 cells. The geometry for the finite difference

cells is indicated in Figures V.l thru V.4. Smaller cells were used in

areas near passes opening to the Gulf of Mexico, the Gulf Intracoastal

Waterway Channel, the inner bar channel and other critical features or

in areas where the bay geometry or depths vere changing rapidly. Larger

cells vere used in East Bay and other areas of the bay where geometry

and bathymetry vere reasonably simple or constant. The smallest cell

dimension was approximately 110 feet. A half time step of 60 seconds

was used to obtain a reasonable Courant number for the calculations.

A time dependent tidal and salinity boundary condition was spec-

ified at all computational boundary openings to the Gulf of Mexico;

Indian Pass, West Pass, Sikes Cut and the northeast end of St. George
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Island. Volumetric flow rate and salinity boundary conditions were

specified for river inflows. Tbe time dependent freshwater input to the
bay was represented by three river inflows representing Apalacbicola
River, Ft. Marks River and East River. An appropriate wind shear stress

based upon tbe time varying wind velacity, measured f rom the station

instalIed on St. George Island during the two study months, was applied

to eacb fini.te difference cell.



VI. MODEL CAI,IBRATION AND VERIFICATION

6.1 Available Data

Prototype data were collected for two 30-dav periods for cali-
bration and verification of the numericaL model. Data were collected on

magnetic tape at locations indicated as SGI, SG2...SG10 in Figure Vl.l,
a total of nine locations where velocity and salinity data were collect-
ed and seven locations where water surface elevation was measured. Wind
data was collected on St. George Island at a station installed as a part

of the data collection effort. In addition, a bathymetric survey was

conducted in the bay. Data were collected in September 1983 and with
supplemental data collected during March 1984. The velocity, salinity
and bathymetric data were collected by Continental Shelf Associates,
Inc. while the National Oceanic and Atmospheric Administration, National
Ocean Service  NOS! provided the wind and tidal data. Data on fresh
water inflow into the bay for the time period of interest were o'btained
from the U. S. Department of Interior, Geological Survey.

In addition to the 30 days of meter data, tbe U. S. Army Corps of
Engineers, Mobile District  USCEN! with the assistance of the U.S.G.S.
and the Florida Department of Environmental Regulation, manually col-
lected hourly data for 24-hour periods during September 14-15, 1983 and
March 8-9, 1984. A variety of data  salinity. dissolved oxygen,

turbidity, temperature, etc.! were collected at 9 supplementaL lo-
cations. The USCEN et. al. data collection locations are also indicated
as Gl, G2...G9 in Figure VI.L. The salinity data collected at these
locations provided valuable additional data for model calibration and

verification.
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A f ter review of all the prototype data it was decided to use the

September 14-15, 1983 data period for calibrating the model. This
period coincided with the September manual data collection period by
~'SCEN et. al. so additional salinity data were available. In addition,

the river inflow during this period was fairly representative of the

vearly average river flow rate. The winds during the period were

typical of those occurring during September.

The March 8-9, 1984 time period when USCEN et. al, conducted its

spring manual data collection occurred during a period of high river
inflow and was selected as the verification time period. In addition to

the different river inflow conditions, average wind magnitudes vere

higher and the average wind direction was about 90' different than for
rhe calibration period. The tidal range was slightly lover than for the

calibration period.

6.2 Calibration

As indicated previously, the time period September 14-15, 1983 was

used as the calibration condition. Appropriate bathymetric and bottom

friction data vere determined for each finite difference cell of the

model. Prototype surface elevation and salinity data vere applied as

boundary conditions at each computational boundary of the modek opening

to the Gulf of Mexico. These boundary conditions are sumsarized in

Figures VI.2 and VI.3. The river inflows for Apalachicola River, St.

Marys River and East River are indicated in Figure VI.4. The wind

magnitude and direction applied to the model are represented in Figures

VI.5 and VI.6.

diti~s vere established for the model and th

allowed to "vsrm-up" for s period of time prior to the actual ps~
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calibration. The warm-up period is necessary to allow time f or the

model to minimize errors associated with incorrect starting conditions.

After allowing the model to run for the calibration period, model

resul.ts vere compared with prototype data. Model parameters  friction.

depths, diffusivity, etc.! and initial conditions were adjusted appro-

priately and the model was rerun. This process was continued until the

model produced results whi.ch agreed with prototype data wi.thin an

acceptable degree of accuracy.

Resul.ts at gage point locations for the calibration run are pre-

sented in Appendix A. Figures A-1 thru A-3 present the surface ele-

vation; velocities are presented in Figures A-4 thru A-11 and salinity

results are presented in Figures A-12 thru A-24. Surface elevation.

salini.ty and velocity results are not presented at gage point locations

where they represent applied boundary conditions to the model. At these

locations these variables in the model are set identically equal to the

prototype va ue. s s ruI Thi i true of surface elevation and salinity at all

openings o t e ay o ef h b t th Gulf of Mexico and for velocity and salinity

values at river inflow locations.

Overall the calibration results are extremely good. At most gagef

loca t ions the numer ca mo e
i 1 d 1 results are in excellent agreement wi.th

ho~ever a few points of disagreement whichprototype data. There are, owever,

require some discussion.

The surface elevation prototype data at gage S   guG7  Fi re A-2! is

not consistent t o e
wi h th r surface elevation gages. This gage appears ro

0 1 to 0.2 feet lower then what would appear toindicate values that are . to

be consistent with the other tide gages.
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The velocity meters at gage locations SG6  Figure A-9! and SG8

 Fi.gure A � 10! do not appear to have been operational. during the cali-

bration peTiod. Both gages indicated basically zero velocity for the

entire calibration period,

Of the 13 salinity gage points, only two gages indicate significant

differences between the model results and prototype data. Gage SG6

 Figure A-14! is in a very dynamic area due to its location relative to

the main river inflow. In the region around this gage large salinity

gradients exist and salinity is changing appreciably over relative3y

short distances. Gage SG8  Figure A � 16! In St. George Sound shows a

tendency for the model to predict a lower salinity value than was

indicated by the prototype data. The model salinity results at other

gages in St. George Sound are in much closer agreement with prototype

data than are the results at SG8.

Salinity contours, based on model results, are presented in Figures

A-25 thru A-37 at 2-hour intervals for the calibration period. The

movement of the sa3.inity contours over the calibration period appear

consistent with the primary driving forces; the tidal elevations and
river inflow. Initially, for the calibration period, there is a flood
tidal condition and the total river inflow  Apalachicola River, East
River, St. Marks River! is around 33,000 cfs. The bay system has a
relatively high salinity 3evel with 10 to 15 ppt water extending up into
some areas of East Bay. For the next eight hours as the tide ebbs, the
total river flow increased to over 40,000 cfs and the higher salinity
levels are pushed away from the fresh water inflow locations. Observe
that the IO-35 ppt water was pushed completely out of East may. The
tide now begins another flood period which Lasts for the remainder ef
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the calibration period. The surface elevations in the bay are increas-

ing and river flows decrease very significantly, falling to almost zero

at 0100 on September 15. The salinity contours reflect the movement of

the higher salini.ty water back into areas near the fresh water inflow.

Observe that the 10-15 ppt water has returned to East Bay by the end of

the calibration period,

There is also significant movement of the 20 ppt contour in St.

George Sound and in Apalachicola Bay during the calibration period. The

25 ppt contour line in St. Vincent Sound is also observed to migrate

during the calibration period although its movement is not as signifi-

cant as is the change in other areas.

Observe that the salinity curves are not extremely regular curves.

There are bulges and undulations created by the primary velocity pat-

terns in the bay. The average river flow rate during the calibration

period is similar to the yearly average. The tidal range and wind

conditions are also reasonably close to average conditions, thus, the

salinity contours for the calibration condition should represent con-

ditions that are relatively close to average salinity patterns in the

bay system.

Representative velocity vector plots are presented in Figures A-38

thru A-61. The direction of the velocity for each finite difference is

indicated by the direction of the arrow and the length of the arrow

represents the magnitude of the velocity. A velocity vector scale is

shown on each vector plot. It was necessary to divide the study region

into four sub-regions to present these data at a reasonable resolution

level. St. Vincent Sound, Apalachicola Bay, East Bay and St. George

Sound are presented on separate plots. These plots are presented at six
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times during the calibration period, Because of the extremely small
finite difference cell size in some areas the velocity vectors coalesce

and individual finite difference cell velocities cannot be distin-

guished, however, the overall velocity patterns are apparent,

There is an overall flow from east to west in the bay system. Most

of the fresh water inflow is discharged through West Pass or Indian

Pass. The salinity level range in St. George Sound is smaller than in

other areas of the bay as a result of the generally east to west flow.

6.3 Verification for Lar e River Inflow

The time period March 8-9, 1984 was used as the verification condi-

tion. The basic model parameters established in the calibration process

were fixed and only tide, wind and river boundary conditions were

changed for the verification run. The bou~dary conditions are indicated

in Figures VI.7 tbru VI.11.

After the initial "warm-up" period, the model was run for the veri-

fication period and model results were compared with prototype data.
Results at gage point locations are pre~ented in Appendix B. Figures
8 � 1 and B-2 present surface elevation, Figures $-3 tbru B-11 present

velocities and Figures 8-12 thru B-22 present salinity results.

Overall, while not as good as the calibration results, the numer-

ical mode1. clearly does a reasonably good job of representing the

behavior of the system. At first inspection some of the salinity

results differ more than might be desirable, however, as will be,

apparent f rom inspection of the salinity contours, very large salinity

gradients exist in several regions of tbe bay. In many cases the

sa].inity changes from 2 ppt to IG or 15 ppt within a few thousand yards.

Tbe numerical model presents a good overall salinity pattern for the bey .-
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although at some locations the specific value predicted by the model may

differ somewhat from the measured value,

Salinity contours are presented in Figures B-23 thru B-35. At the

beginning of the calfbratfon period a low tide condition exists and the

total river fnf low is high  approximately 51,000 cfs!. Low salfnf ty

water is observed in a major portion of Apalachicola Ray. The 15 ppt

salinity contour has been pushed into St. George Sound, St. Vincent

Sound and the region near West Pass. Over the next seven hours the

river inflow remains essentially constant and the low salinity water

region expands with 10 ppt water extending into St. George Sound and St.

Vincent Sound. At about 1800 on March 8, 1984 the bay fs approachfng a

high tide condition and the total river inflows decrease significantly,

to around 37,000 cfs, and remains near this value for the remainder of

the verification period. During this period there is a very significant

tidal elevation difference between St. George Sound and West Pass and

Indian Pass producing a strong flow to the west. The low salinity water

moves out of St, George Sound and is pushed towards West Pass and Indian

Pass. At the end of the verification period almost all of St. George

Sound contains water of 20 ppt or higher.

Representative velocity vector plots are presented ia Figures B � 36

thru B-59. The vector plots represent flow conditions at six times

during the verification process for St. Vincent Sound, Apalachicola Bay,

East Bay and St. George Sound.



VII. CONCLUSIONS

One of the problems with which numerical modelers must normally

contend is the lack of sufficient prototype data for model calibration

and verification. Fortunately, in this study of Apalachicola Bay,

sufficient prototype data were available. The 30 days of prototype data

in September 1983 and April 1984 combined with 24-hour manual collection

periods during these same time periods and at other locations in Apa-

lachicola Bay provide an excellent database for model calibration and

verification. Data were available to establish all tidal, river and

wind boundary conditions. In addition, there were as many as three

other locations where surface elevation was known, eight other locations

where velocity data were available and 13 ether locations where salinity

data were available for at least a continuous 24-hour period.

The model calibration process was successful with numerical model

results showing very good agreement with prototype data. Of course, the

model formulation assumes that conditions are constant across the water

column. However, even in regions where prototype data indicated some

degree of flow stratification, numerical model results appear to accu-

rately represent average conditions over the water depth.

The prototype data used to calibrate the numerical model are very

similar to average conditions found in Apalachicola Bay; i.e., the tidal

range, river inflows, wind conditions, etc., are similar to yearly

average conditions. The numerical model results ,for the cal.ibration
condition thus represent' somewhat average conditions for Apalachicola

Bay. This is of particular interest with regard to salinity contours in
Apalachicola Bay and how the salinity contours change over the tidal

cycle.



The prototype conditions used to verify the numerical model are

more typical of early spring conditions than average conditions for the

bay Here again, the numerical model results demonstrate the model s

ability to predict the overall behavior of Apalachicola Bay when sub-

jectedd to specific forcing functions  tidal elevations, river inflows,

wind!.

For both calibration and verification conditions, model results

indicate that the hydrodynamics of the bay  velocities and surface ele-

vations! are dominated by astronomical tides. There is a net west flow

in the bay system. River inflow contributes measurably to the bay

hydrodynamics but the effects are relatively small compared with the

astronomical tide effects. Tbe river inflow level does, however, very

significantly affect the salinity contours in the bay and thei.r varia-

tion over the tidal cycle. Under low to average river inflow con-

ditions, significant amount of 10-15 ppt salinity water may enter the

lower reaches of East Say. Under large river flow conditions, East Bay

and significant portions of the main body of Apalachicola Say will

contain essentially fresh water. Salinity level in St. George Sound are

not as affected by fresh water inflows as are other portions of the bay

because of the net east to west flow within the bay.

The numerical model of Apalachicola Bay has been calibrated and

veri. fied to an extent where it appears capable of being used as a

predictive tool. The current finite difference grid may provide suffi-

cient resolution for a particular study or the current grid can be used

in con]unction with a sub-grid if smaller resolution in the study area

is required.
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APPENDIX B

Verification Results

�900 on March 8, 1984 to 0900 on March 9, l984!
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