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l. SUMMARY AND CONCLUSIONS 

1. 1 General Introduction 

Hurricane Betsy struck in the vicinity of New Orleans on September 9, 

1965, causing widespread damage from flooding as well as hurricane 

winds. 

This report, on the basis of detailed studies of Hurricane Betsy and 

how it affected the New Orleans area, at~empts to evaluate the effects 

of the Gulf Outlet Channel on hurricane storm tides. The results of 

this study were then used to predict high surge levels for six chosen 

synthetic hurricanes. 

1. 2 Locations of Study Area 

The specific study area consists of the area extending generally from 

the southern end of the Mississippi River-Gulf Outlet to the Inner 

Harbor Navigation Canal in New Orleans, Louisiana, and the adjacent 

areas within confining levees. A general location map is shown as 

Fig. l. 

1. 3 Objectives of Study 

The primary objective of this study was to determine surge elevations 

at key locations within the study area utilizing the best available tech­

niques and data. Accurate surge predictions are required to support 

decisions required in the design of authorized levees and associated 

works. 

A secondary, though equally important, objective was the evaluation 

of the effects of the Mississippi River-Gulf Outlet Channel, spoil banks 

and associated works on the hurricane surge environment within the 

study area. 
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1. 4 Summary of Methods Used 

The first step was the evaluation of the hurricane wind fields for 

Hurricane Betsy and six synthetic hurricanes. The open coast storm 

surges were computed using the bathystrophic storm tide theory. 

Hurricane Betsy and the synthetic hurricanes used in this study can be 

considered as relatively large storms which produce comparatively 

slow rising storm surges. The relative effect of the Gulf Outlet Chan­

nel on surge elevations can be expected to be extremely dependent upon 

the rate of rise of the storm surge. 

The effects, in the vicinity of the Inner Harbor Navigation Canal, due to 

rapidly 

cases: 

I 

II 

III 

IV 

and slowly rising surges were evaluated numerically for four 

Existing levees with no Gulf Outlet Channel 

Existing levees with the Gulf Outlet Channel 

Proposed levees with the Gulf Outlet Channel 

Proposed levees with no Gulf Outlet Channel 

One further check on the effect of the Gulf Outlet Channel was made by 

estimating the increased rate at which water could enter the area near 

the Inner Harbor Navigation Canal due to the Gulf Outlet Channel. 

1. 5 Summary and Conclusions 

Hurricane Betsy was classified as producing a slow rising surge. 

Based on the numerical computations and estimates of channel convey­

ance effects, Hurricane Betsy would have produced essentially the same 

peak surge elevations whatever the conditions prevailing in Area A. 

The results are summarized in Table I. The degree of confidence 
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TABLE I 

Peak Surge Predictions for Hurr ccane Betsy for Four Cases 

Station 

A B c D E F 

Hurricane 
and Case 

Betsy I 10.2 9.2 9.4 1 o. 5 9.3 9. 1 

II 10.2 9.6 10.0 10.9 9.7 9.5 

III 10.2 9.6 9.8 10.9 

IV 10.2 9.6 9.8 10.9 

inherent in the predictions for Hurricane Betsy is satisfactory from the 

theoretical point of view because the history of Betsy' s movement leads 

to relatively smooth variations in the wind regime. 

The synthetic hurricanes were judged to behave mo1'e in the manner of 

Hurricane Betsy producing a sl0w rising surge. The predicted surge 

peaks are summarized in Table II. 

It is seen that the effect of the 1v1ississippi River-Gulf Outlet is almost 

negligible for all large hurricanes accompanied by slow rising storm 

surges. It may be expected th:1t once in a while a storm may occur 

which has a somewhat freakish. more rapidly rising surge in which 

case the Gulf Outlet Channel m.ay have a very marked effect. However, 

such a storm will not produce 1 ides which are as high as the more 

critical hurricane tracks such as Betsy or the synthetic hurricanes. 
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TABLE II 

Summary of Synthetic Hurricane Surge Peaks for 

Stations A, B, C, D, E and F for Four Different Cases 

A A B c D E 

Hurricane Hurricane 
Track 

e 

Sigma SPH I 9. 1 9.7 9.9 10. 4 9.5 

II 9. 1 10. 1 10. 3 10. 8 9.9 

III 9. 1 10. 1 10. 3 10.8 

IV 9. 1 10. 1 10. 3 10.8 

PMH I 10.4 11. 3 11. 6 12.2 11. 1 

II 10.8 11. 7 12.0 12.6 11. 5 

III 10.8 11.7 12.0 12.6 

IV 10.R 11. 7 12.0 12.6 

Chi SPH I 9.5 10.0 1 o. 3 10.8 9.8 

II 9.9 10.4 10.7 11. 2 1 o. 2 

III 9.9 10.4 10.7 11. 2 

IV 9.9 10. 4 10.7 11. 2 

PMH I 11. 3 11.7 11.9 12.7 11. 5 

II 11. 7 12. 1 12.3 13. 1 11. 9 

III 11. 7 12. 1 12. 3 13. 1 

IV 11. 7 12. 1 12. 3 13. 1 

Epsilon SPH I 10.5 9.9 10. 1 10.6 9.7 

II 10.9 10.3 10. 5 11. 0 10. 1 

III 10.9 10. 3 10. 5 11. 0 

IV 10.9 10.3 10.5 11. 0 

I 12. 5 11. 3 12.0 12.4 11. 3 

II 12.9 11.7 12.4 12.8 11. 7 

III 12.9 11. 7 12.4 12.8 

IV 12.9 11. 7 12.4 12.8 

5 

F 

9.5 

9.9 

11. 1 

11. 5 

9.9 

10. 3 

11. 5 

11.9 

9.8 

10.2 

11. 4 

11.8 



2. THEORY 

2, 1 Theory for Storm Tide 

The basic hydrodynamic equations expressing the conservation of 

momentum for the motion of water under the action of driving forces 

can be written as, 

Acceleration = total applied force per unit mass 

That is, 

dQ 
D aS 2iY Tby a Tlo _J. fQ + w p + gD 

dt X g oy p p y ay 
H 
Q) 

00 
.., 

Q) ....... Q) Q) ..... s 00 
....... ....... u 00 rd 00 s 0 rd (I) "0 00 0 00 ...... H 0 ..... ~ (I) 

H 
...... 0.. ~ Q) 

.., (I) 
Q) H H 0 +-> H ..... .., 

0 ::l 
.,... H 0._, rd rd > rd 

l) 
....... ~U) ~~ .Sttl U) U) ftl[J) 

dQ 
D oS 7 sx 7bx aT/ 

~ fQ w p + gD 
0 

= + dt y g ay p p X ax 

The above two equations together with the continuity equation 

as Tt+ 
aQ 

X 

ox 
oo 

+ ~ = p 

( 1) 

( 2) 

( 3) 

yield a system in which the two discharge components Q , Q , and the 
X y 

surge elevation S can be solved. 

The symbols and units used in Eqs. 1, 2, and 3 and the following 

equations are defined on the following page. 
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s = 
Qx = 

Qy = 

X = 

y = 

t = 

f = 

~ = 

g = 

D = 

T /p = sy 

Tb/P = 

Ts)P = 

Tbx/p = 

p = 

w = 
X 

w = 
y 

the surge height, feet 

3 
discharge in the direction of the x-axis, ft /sec 

per foot of width 

3 
discharge in the direction of the y-axis, ft /sec 

per foot of width 

distance measured along a line perpendicular to 

the mean offshore bottom topography, feet 

distance measured parallel to the shoreline, feet 

time, seconds 

2wsin cp, Coriolis parameter 

w = 7. 28 x lo- 5 rad/sec, angular velocity of earth 

latitude in degrees 

2 
acceleration of gravity, 32. 2 ft/sec 

water depth, feet 

wind stress parallel to coast per unit volume, 

(ft/sec)
2 

bottom stress parallel to coast per unit volume, 

(ft/sec)
2 

wind stress perpendicular to coast, per unit 
2 

volume, (ft/sec) 

bottom stress perpendicular to coast, per unit 
2 

volume, (ft/sec) 

3 
density of water, slugs/ft 

wind speed component perpendicular to coast, 

ft/sec 

wind speed component parallel to coast, ft/sec 
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110 

p 

= inverted barometer effect, feet of water 

precipitation rate, ft/sec 

For a slow moving storm, the equilibril.lln wind equation can be deduced 

from Eq. 1. The assl.llnption of slow motion {no time-dependent variables) 

and one-dimensional motion {no y-dependent variables) reduces Eqs. 1, 

2, and 3 to, 

Surface slope wind stress + inverse barometric effect. 

o11 oS T sx 
gD ox = p 

0 + gD -­ox 

with 

TSX 

(l 

2 
= kW cos9 

this equation reduces to the classical Corps of Engineers formula, 

1 2 
-DkW cos9 ~.x + 11 g 0 

{ 4) 

{ 5) 

Where 1l is the normal astronomical tide plus the inverse barometric 
0 

effect. 

A significant improvement on this method was originally proposed by 

Freeman, Baer and Jung { 1957) and called the bathstrophic storm tide. 

The assl.llnption of a slow moving storm is required and the theory is a 

quasistatic one. The effects of longshore currents are considered and 

these produce corrections to the more simple storm tide computation of 

Eq. 5 because of the Coriolis effect. 
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The x-component in Eq. l is assumed to be a steady state condition such 

that, 

dQ 
X 

dt = 0 and (6) 

The precipitation P will be neglected because it is very small for most 

hurricanes when compared with such terms as T sx/ p. etc. Also the 

variation in storm tide elevation along the coast will be assumed as 

small compared with the variation perpendicular to the coast. That is, 

os 
oy << 

Making use of Eqs. 6 and 7, Eqs. l and 2 become 

T - T oy
0 

fQ D oS + sx bx g + gD --- ox p ()x 
0 

T - Tb dQ sy y = 
p dt 

(The subscript y on Q can be dropped since by condition (Eq. 6), 

Qy = Q and Qx = 0.} 

(7) 

( 8) 

(9) 

The values of T , T,b , T , T,b and 11 have to be determined. For 
SX X sy y 0 

a wind blowing at an angle e \:vith the x-axis, the surface stress compo-

nents are given by Eqs. 10 and ll. 

Tsx 

p 

T 
s 
p 

2 
kw cos e 

where k = 3 x 10-6 following Saville (1952). 

10 
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The bottom stress components are a little more difficult to determine. 

On the assumption of a uniform velocity distribution and making use of 

the Manning formula following Freeman et al (1957), the bottom stress 

components are given by Eqs. 12 and 13. 

'Tbx KQQ 
X = D7/3 p ( 12) 

'Tby KQQ 
= D7/l p (13) 

Following the assumption of Eq. 6, it is seen that 'Tbx/p is negligible 

when based on uniform flow conditions. Reid ( 1964) has demonstrated 

that K is related to Manning' s n by 

( 14) 

More strictly, the bottom stress terms arise because of friction of the 

flow with the bed. 

Even though Q is zero there may be a stress in the x-direction 
X 

caused by shear at the bed. This is illustrated in Fig. 2. 

This phenomenon is qualitatively known, but its exact effect depends a 

great deal on local conditions. The effect of a finite 'Tbx' when there 

is no net discharge, is in the same direction as the wind when the wind 

stress is onshore. This is often incorporated in the term 'T /p by 
-6 -6 sx -6 

increasing k from 3 x 10 to 3. 3 x 10 or even 4. 0 x 10 . 

11 



Figure 2 

Illustration of bottom stress effect in wind setup 

Finally, then, the bathystrophic equations, as used in this study, are 

written 

oO kW
2 

sinS 
KQQ 

ot -
0

7/3 
(15) 

as gb Gw 2 
cos e + fo] 

Cl77 
+ __Q 

ox = ox 
(16) 

For varying wind fields, W and 9 are functions of x and t and, 

Eqs. 15 and 16 have to be solved numerically. In some cases, storm 

tides can be estimated as a first approximation; in which case, W and 

e can be treated as constants and the equations can be integrated 

analytically. 
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In most practical cases of hurricanes, the as surnption of constant wind 

speed and direction over the continental shelf is not justified. 

Equations 15 and 16 have to be evaluated numerically. Before numerical 

methods are attempted, some modifications in the equations are neces­

sary. 

In finite difference form, if Q is a function of x and t at the m,n 
point t =nAt, X ' max, then Eq. 15 reduces to 

Q 
m,n - Q m, n-1 

( 1 7) 

where kW 2 sinS t denotes average value of kW
2 

sin a over the interval 

(n-l)At to nAt. The solution of Eq. 17 for Q , in terms of the m,n 
previous value Q 

1
, is given by . m, n-

Q 
m,n 

~(kW
2 

sinS\ 1 + fkW 2 
sin a'\ ~ ~ ~m,n- ~ j'm,n At + Q 

2 m, n-1 
K. 

1 + At · Q D 7/3 m,n-1 

( 18) 

Equation 16 will be used in the form 

s - s m,n m-l,n 
b. 

(19) 
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2 X 2 
where kW cos() denotes average value of kW cos 9 over the interval 

(m -1) 6.x to mO.X. Equation 19, solved for S m terms of 
m,n 

S 
1 

, becomes 
m- ,n 

s m,n 

(20) 

Now, 1'1 is the normal increase in water level due to effects other than 
0 

"!:he wind stress. These include inverse barometric effect and normal 

astronomical tide. Hence, 

where 

A m,n 

aP 
n1, n 

1'1 
0 

= 

= 

A + l. 14 .6P 
m,n m,n 

the astronomical tide 

the barometric pressure below normal, in inches of 

mercury 

A computer program, written to compute 17 , S and Q - o m,n m,n 

( 21) 

according to Eqs. 18, 20, and 21, is given in Appendix A together with 

a summary for its use and a list of required input data. 

Several critical points in the use of Eqs. 18, 20, and 21 arise 

a) the best choice of D, the total depth 

b) the determination of ,6.P 
m,n 

14 



c) 

d) 

the determination of A , (W
2 

cos a) (W
2 

sin a) 
m,n m,n m 

initial values of S and Q 
o,o o,o 

These points are discussed below. 

a) The total water depth used in Eqs. 18 and 20 was chosen 

as the normal water depth, plus the normal astronomical 

(paragraph c, following) tide, plus the inverse barometric 

effect (paragraph b, following), plus the storm tide at the 

previous station offshore for that time step. In algebraic 

b) 

form, the total depth D used to compute S and Q 
m, n m, n 

is given by, 

D D + A + 1. 14 AP + S 1 x m,n m,n m- ,n 
(22) 

This formula for D is justified if the step size in x is 

small such that S - S 1 is small. m,n m- ,n 

The value of A P is determined from the equation, 
m,n 

~p 
rn, n 

where, 

P N = the normal pressure, inches of mercury 

P (n) = the CPI of the hurricane, a function of time 
0 

time f1 At, in inches of mercury 

R = the radius to maximum winds 

15 
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c) 

d) 

r the distance from the point on the traverse to 

the center of the hurricane 

exp exponentialfunction of quantity in parentheses, 

using base e=:: 2.7183 

The values of A are actually treated as values of A 
m,n m 

(or function of time only). The tides are tabulated for the 

computer input data from the U.S. Coast and Geodetic Survey 

tables for Hurricane Betsy. For the standard project and 

probably rnaximum hurricanes the value of A is taken as 
n 

a constant of 2. 0 feet, the high tide computed for the 

Louisiana coast based on Pensacola, Florida. 

The values of w 2 
cos 6 and w 2 

sin 6 for Hurricane Betsy 

are determined from the weather 1naps prepared by the 

U.S. Weather Bureau, Hydrometeorological Section. The 

wind stress values for the standard project and probable 

maximum hurricanes are determined from empirical 

equations chosen to fit the U.S. Weather Bureau, Hydro­

meteorological Section, Standard Project Hurricanes. 

Details of this procedure are given in Appendix B. 

Appendix C gives the computer program which was used to 

prepare input data cards for the wind fields for subsequent 

storm surge computations. 

Initial values of S and Q were not used in this o,o o,o 
study. All storm surge cornputations were commenced when 

the hurricane was far enough offshore that the initial setup 

S and longshore discharge Q could be assumed to 
o, 0 o, 0 

be zero. Provision was made for their inclusion, however, 

for further applications. Details for inclusion of initial 

values for S and Q are given in Appendix A in the computer 

program for the storrn surge computation. 

16 
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2. 2 Theory for Regression Correlation 

It is assumed that storm tide computations have been performed for 

three or four points A, B, C, D at several times t = t
1

, t
2

, t
3 

---t
1
--- during a hurricane. At another nearby station X, there exists 

an observed hydrograph which has water levels X
1

, X
2

, ---X
7

, as 

recorded. As long as the stations A, B, C, D --- are close to X, 

it is a reasonable assumption that the water levels at A, B, C, D --­

should be correlated with the observed values at X. 

The prediction equation, 

(24) 

will be used and the problem is posed as how to choose the best values 

for a 
1

, a2 , 0'3 . . . to give the best prerHction for X. 

An example for 7 time steps and 3 stations will be given. The 7 pre­

. dieted water levels for X are, 

xl 0'1 Al + 0'2 B 1 + 0'3 c1 

x2 = (l/1 A2 + az B2 + CY3 Cz 

x3 :::: (l/1 A3 + 0'2 B3 + 0'3 c 3 

= (25) 

= 

= 

17 



01 2 
+ (x2 - I'Y3 c2/ a1 A1 - a2 Bl - a3 C1) - tYI A2 - (Y2 Bz 

+ + 

+ 07 - IY1 A7 - rv2 B7 - a3 c7)z 

= s 

It is required for the best prediction that, 

CIS oS CIS = ::::: 0 

These three conditions are met if the following three simultaneous 

equations are satisfied, 

0!1 f' 11 + a2 ,B 12 + 0'3 {313 'Y1 :: 0 

.. 
(Xl f' 12 + a2 f'z2 + I'Y3 !'23 - Y2 = 0 (26) 

0!1 f' 13 + 0'2 !'23 + 0'3 {333 - y3 = 0 

where 

7 

{311 = L A2 + A2 + A2 + ... 
1 2 3 

1 

7 

822 L B2 
1 + B2 

2 + B2 
3 + ... 

1 

7 

{333 = [ c2 + c2 + c2 + ... 1 2 3 
1 

18 



7 

/312 = L Al Bl + Az B2 + A3 B3 + ... A7 B7 

l 

7 

/313 = I: Al ci + A2 c2 + A3 c3 + ... A7 C7 
1 

7 

/323 = L Bl cl + Bz CD + B3 c3 + ... B7 c7 
1 

7 

yl = I: Al xl :1- A2 x2 + ... A7 x7 

1 

7 

y2 = L Bl xi + B2 x2 + ... B7 x7 

1 

7 

y3 = L cl xl + c2 x2 + ... c7 x7 

1 

The simultaneous solution of Eq. 25 for I'Y
1

, a2 and a
3 

will yield the 

"best11 predictor equation for the point X in terms of the computed 

tides at A, B and C. It can be noted that A may be the computed 

tide at X and weighting factors are sought to provide a better prediction 

than A above in terms of some neighboring points B and C together 

with A. An example of the use of this regression technique will be 

given for Hurricane Betsy. 

2. 3 Theory for Channel Conveyance and Wind Action Effects 

It must be expected that a large channel cut through marsh areas will 

permit more water to arrive at a faster rate in the interior of the 

marshland, at least in the immediate vicinity of the channel, In addition, 

19 



the maximum elevation and the steady state peak will be reached at an 

earlier time. On the other hand, after the storm has passed, the 

channel should be of considerable benefit in promoting a more rapid fall 

of water levels, because now the channel acts as a drain. Therefore, 

the duration of the actual flooding should be short. 

Without the channel, the water will rise over the marshlands at a slower 

rate and it will take a longer duration to reach maximum elevation and 

steady state conditions. Similarly, after the storm has passed it will 

take longer for the surge to recede since now there is no channel to act 

as a drain. 

It will be shown that the wind effect over the Gulf Outlet is less than that 

of the marshland, for two reasons: 1) the combined wind stress 

Ts + Tb is less over the channel than over the marsh, and 2) the wind 

tide effect over deeper water such as the channel is less than that over 

shallow water even for the same values of T S + T b because the water 

depth in the channel is greater than over the marshland. The previous 

two statements can be verified in view of the wind tide equation 

s 
X 

= 
dS 

= 
dX 

TS + Tb 

pg (D + S) N(X) (27) 

In the previous equation, Ts is the wind stress over the water and will 

be the same for water over the marsh as that over the channel; Tb 

is the bottom stress which can be two to four times more over the marsh 

marshland than over the channel bottom; D is the water depth which 

will be greater for the channel than for the marsh; N(X) is the planform 

factor. 

The problem now is to investigate the forced conveyance of water, The 

velocity of flow through the channel will be two to four times as great 

as that over the marshland, but the volume of water (velocity times 

20 



cross-sectional area) determines the total amount of water which will 

enter Study Area A. It is this latter factor which tends to cause an 

increase in surge because of the Mississippi River-Gulf Outlet. How­

ever, it is the combined effect of the conveyance and the wind stress 

which produces the final effects. This leads to the definition of forced 

conveyance, force being associated with the wind stress formula 

( Eq. 27) and the conveyance being associated with the hydraulic flow. 

The conveyance can be investigated by use of Manning's equation. The 

conveyance factor K can be defined as the flow of water divided by the 

square root of the water surface slope, 

K Q = 1. 486 A R 2/3 
sl/2 n 

(28) 

where 

n = Manning' s friction factor 

A = the cross-sectional area 

R the hydraulic radius 

The hydraulic radius is defined as the cross-sectional area divided by 

the wetter perimeter 

R A/P (29) 

It then follows from Eq. 28 that 

1. 486 A 5 / 3 

K = n p2/3 ( 30) 
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The forced conveyance can be defined as the product of Eqs. 27 and 30 

whence 

F S K 
X 

l. 486 A S/3 

n p2/3 
( 31) 

The forced conveyance factor representing the ratio between that of the 

Mississippi River-Gulf Outlet and the marsh is defined as 

y 
F 

= _c_ 
F 

m 

where F is F for the channel and F is F for the marsh. 
c m 

From Eqs. 27, 30 and 32 

(D + S) 
m 

N (X) 
c 

(D + S) 
c 

N (X) 
m 

( 32) 

( 33) 

2. 4 Theory for Numerical Surge Routing in the Vicinity of the Inner 

Harbor Navigation Canal 

2. 4. 1 Basic Equations 

The basic equations for long waves within a confined channel consist of 

the momentum and continuity equations. The notation is defined in 

Fig. 3 and the equations are written below. 

Momentum: 

dV 
dt 

r:JH 
= - g dx 

g 

c 2 R 
h 

22 
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Figure 3 

Notation used for basic long wave equations 
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Continuity: 

B oH + o{AV) = O 
at ax ( 35) 

where 

V the mean velocity in a cross section 

H the water level height above the initial level 

g the acceleration due to gravity 

Ch the Chezy coefficient 

B the surface width of the river 

A the cross- sectional area of the river 

R the hydraulic radius of the complex channel 

For this study it was decided to transform these equations in terms of 

the discharge a ( = AV) and wave height H. These become 

Momentum: 

Continuity: 

d(a/A) 
dt 

oH = -g-­ox alai ( 36) 
R 

B oH + oa = 0 ( 3 7) at ox 

This system was chosen as being most convenient for computation. Some 

approximations will be necessary in the momentum equation, but the 

continuity equation is exact, In the V - H notation it is possible to 

keep the momentum equation exact, but approximations will be 

required in the continuity equation. 

24 



Equation 36, after expansion of d (~/A) and some approximations (for 

example, Dronkers, 1964, is reduced to, 

2 g Q I Q I - g A If 0 - IB' 
C AR \".:; y 

h 

( 38) 

2. 4. 2 General Computation Method 

The method of solution proceeded by rewriting Eqs. 37 and 38 in a form 

suitable for application of fourth order Runge-Kutta techniques, 

oH 
ot 

(39) 

( 40) 

In Eqs. 39 and 40 C (H, x) denotes coefficients which are functions of 
n 

H, the wave amplitude at x and the position x. The coefficients C 
1 

through C 
4 

are given by 

cl = -gA{H,x) 

cz 
(X - A(H,x) 

c3 
g ( 41) 

= - 2 
Ch A(H,x) R(H,x) 

c4 
1 = - B (H. x) 
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where 

A(H,x) = the cross-sectional area of the channel 

B ( H, x) the surface width 

d
0

(x) ::: the starting depth, defined by A(O,x)jB(O,x) 

(the hydraulic radius) 

The space variations in Q and H were evaluated by finite differences 

and the integrations in time were performed using a fourth order Runge­

Kutta method. Consider the point m, n in the x, t plane as in Fig. 4. 

It is assumed that all values of Q and H have been found up to the time 

step n. Then Q and H are given by 
m, n+l m, n+1 

Q == Q + ~ (k 
1 

+ 2k 
2 + 2k 

3 
+ km

4
) 

m, n+l In, n 6 \ m m m 

H 
m,n+1 

= H 
m,n 

+ ..!.. (t 1 6 m 
. 2 Lc m 

+ 2-t, 3 
m 

( 42) 

( 43) 

1 2 k3 k4 I 1 2 3 3 where the coefficients k , k .,.., 1 1 ' are m m m' m m .,_,m,.,_,m'"'m 
successive approximations of the changes in Q and H over the time 

interval nAt to {n + l) At. For m = 2 to m = M these are given by 

k 1 
6t ~1 (Hm,n' xm) 

H 
ra+l, n - H m-1, n 

m 2Ax 

xm)l 0 m,nl 0 m,J 
( 44} 

+ c 3 (H , n1.,n 

.{ l ~ Q - Q ~ At C l H ' H ) m + 1, n m- 1 ' n (45) m 4 m,n m 2Ax 
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k2 = 
m 

t3 = 
m 

[ ( 

l ) l( l l ) t H - H +- t - t 
~t c H + ~, X m + l , n m- l, n 2 m + 1 m _ 1 

l m, n 2 m 2Ax 

( 
t

1 
)( kl)Q -Q + C H + _!!l_, X Q + __!!2_ m + l 1 n m- l I n 

2 m, n 2 m m, n 2 2f:xx. 

) 
kl ( kl] 

X Q +_____!!!. Q + m 
m m,n 2 m,n 2 

( 46) 

[ ~ t l ) Q - Q + .!.. (k l 
~t c H + ~ X m + l, n m- l, n 2 m + 1 

4 m, n 2 ' m 2~x 
- k~-~ 

(47) 

) 

l ( 2 2 ) H -H +-t t 
X m+l,n m-l,n 2 m+l,n- m-1 

m 2Ax 

~ 2 ~ ~ 2) t k Q - Q 
+ C H +....!!!..,X Q +....!!!.. m+l,n m-l,n 

2 m, n 2 m, n 2 2~ 

+ 
Z m + l - m - l + C H tm k m I (k2 kz ) ( 2 ~ 2 

2 A~ +--,X Q +-
~ 3 m,n 2 m,n 2 

( 48) 

~ ~ t
2 )Q -Q +..!.(k2 

~t H + ....!!l X m +l, n m-1, n 2 m + 1 
4 rr1, n 2 ' m 2~ 

(49) 
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k4 = L'tlc (H3 + t 3 'X ) Hm+l,n- Hm-l,n + 
m [ 1 m, n m m 2/lx 

3 
tm+l 

4 
t m 

3 m+l,n m-l,n 
( 

3 ~( )

a -a 
+ C2 Hm, n + tm' X am, n + km 2/:j;x. 

k 3 - k3 
+ m+l m-1 + 

2/jx c 3 (H + t 
3

, x ) I a + k 
3

1 (a + k 
3~ m, n m m m, n m m, n mLJ 

+ t 3 ' m 

(50) 

) 

a - a + k 3 - k3 J 
X m ___;;M~+~l~•...::n.;;___..:;m:..:.....-

2
,;;.1 fj..;.• ..;;;~;;..._........:m:.=-=-+;..;l;;..__..;;m;:....-...;;..1 

(51) 

2. 4. 3 Boundary Conditions 

Boundary conditions are required to solve the problem. Two conditions 

were prescribed. 

a) The initial surge height in the channel was zero at t 0 

for all x. 

b) The input surge at x = 0 was taken as a prescribed hydro­

graph H ( t) 
0 . 

One more boundary condition is required along the line x = 0 (m = 1) 

and further conditions are required at the upstream boundary. 

The downstream boundary condition along the time axis x 0 would 

require the specification of a as a function of time or alternatively 
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a relationship between H and Q along this line. Neither of these was 

available. It was decided to let the relationship between Q and H at 

this boundary be computed in the following manner. 

Q(1,n} = Q(2,n} + Q{2,n} z Q(4,n) (52} 

where Q ( 2, n} and Q ( 4, n} were computed as in Section 2. 4. Z. In 
1 2 3 4 order to compute Q (2, n), values of k 1, k

1
, k

1
, k

1 
were approximated 

as 

ki = ki = Q(l, n-1} - Q(l, n-2} 

The upstream boundary was treated as a closed end. That is, the 

discharge at the boundary is zero and the surge is reflected. The 

resulting boundary conditions are written as 

H(M) ZH(M-1) - H(M-2} 

Q (M) - 0 

(53} 

(54) 

(55) 

It is recalled that the values of QM+l and ~+l are required in the 

fourth order Runge- Kutta scheme for the ts and ks at QM, ~ on 

·the next time step as are also the values of the ts and ks at 

x :.:: (M+1) A,x. The equations used are summarized: 

H(M+l) H(M-1) (56) 

Q (M+1) = -Q(M-1) } 
t

1 
(M+1) t

1
(M-1} 

(57} 
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' \ 

(58) 

2 
- k (M- 1) etc. (59) 

2. 5 Choice of Coefficients for the Open Coast 

Two empirical coefficients have to be used with the bathystrophic storm 

tide theory. There is a wind stress coefficient for the friction of wind 

on the water surface and a bottom friction stress coefficient for the 

drag of water on the bed. 

Theoretical developments of wind effect equations have been made by 

Hellstrom (1941), Keulegan (1951), Thijsse (1952) and others. 

2. 5. 1 Wind Stress Coefficient 

Following the assumption that the wind stress is proportional to the 

square of the wind velocity the wind stress is written 

T = kp w2 
s a ( 60) 

d . 3 -6 where kp has been foun to be approx1mately x 10 • This was 
a . 

the value that was used. Dronkers ( 1964) reports observations of kp 

as high as 4. 5 x 1 q-6 
in the shallow areas of the Zuider Zee, but thi~ 

large value fo'l- shallow water arises because of an underestimation of 

bottom friction as well as second order effects. 
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2, 5. 2 Bottom Stress Coefficient 

The other empirical factor is the bottom stress coefficient used for the 

longshore flow. Following Reid ( 1964) the bottom stress will be given 

by 

2v2 = p 'Y 

where V is the current velocity. 

We can now make use of Manning' s equation, given as follows: 

V = 1. 486 R 2/3 S 1/2 
n 

= 1. 486 R 1/6 (RS) 1/2 
11 

where 

V = mean current speed in feet/second 

R = hydraulic radius in feet 

S = hydraulic slope in terms of feet/feet 

( 61) 

( 62) 

Where Manning's n has the dimension of (ft) 1
/
6, the corresponding 

Chezy-Kutter formula is 

v C (RS) 1/ 2 
( 6 3) 

where the above notation has been defined and C is the Chezy-Kutter 

coefficient. It can be seen that C is related to Manning' s n as follows: 

C = l. 486 R l /6 
n 

( 6 4) 
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Returning now to Eq. 61 and from the theory for turbulent flow of 

Karman-Prandtl it can be demonstrated that Tb is related to Manning' s 

n by the formula: 

or 

n = 0.0555(z
0

)
116 

where z is the characteristic roughness height. 
0 

In the form used in this study, 

so that it is seen that 

2 
K - n g = 

-- { 1. 486 )2 
2 

14.6 n 

where K has the dimension of {feet) 1/
3

. 

( 65) 

{ 66) 

{67) 

{ 68) 

For a characteristic roughness height on the bed of z = 0. 01 feet, 

n = 0. 026 {feet) 116 , and K = 1 x 10-
2 

{feet) 113, it was 
0

found during this 

study that along the Louisiana coast the best choice of K was about 

5 x 10-
3 

(feet) 113 corresponding to a Manning's n offshore of about 
' . 1/6 

O.Ol5(feet) . 
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2. 5. 3 Choice of Coefficient for Marshland Areas 

A detailed investigation of the effective roughness of marsh area has 

been made. Table III, prepared by Dr. Per Bruun. presents the stun­

mary of available data on bottom roughness and bottom friction factors 

in terms of Manning' s n. The recommended Manning' s n of 

0. 08(feet) 1/6 leads to a choice for K h = 9. 3 x l0-
2

(feet)
1

/
3

. 
mars 

2. 5. 4 Channel Surge Routing, Chezy Coefficient 

The Chezy coefficient was used in the form of the Manning equation 

1. 486 R l/6 
n 

(69) 

The value of an equivalent Manning' s n for a channel with composite 

roughness to include dredged channels and marsh areas is defined by 

n 
e 

P 
3/2 

N nN 

2/3 

( 70) 

where PN are the individual perimeters of the component channels 

and marsh areas. In application to the stun of a marsh area and the 

Gulf Outlet Channel Eq. 82 has reduced to 

n 
e 

~ ~2n LB - 5oo)(o. o8) 31~ + 5oo (o. o25)
3/j ( 71) 

Based on the information in Table III, the n factors listed in Table IV are 

suggested. These values should, however, be adjusted to any particular 

situation in which the water depth, the nature of the soil, and its surfaced 
cover and the wind stresses exerted upon the water causing the flow are 
the detern1ining factors. 
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U't 

TABLE III 

Sutnmary of Information on Friction Coefficients for Flow Over Rough Bottom 

...----
Author or Source Source Figur~ or Other Information 

Task Force on Friction ASCE Hyd. Div., Vol. 89, Numerous formulas for open channel flow friction, 
ASCE No. 2, March 1963, pp. 97-143 relation to soil, geometry, depth and sediment 

transport 

Highest resistance recorded by flume experiments 
(Simons &: Richardson} with 0. 28 mm sand was n = 
0. 02:7 (lower regimen) 

L, Prandtl 
:(Germany} 

Stromungslehre, 1949 No information of particular interest. 
Bruno Eck Technische Stromungalehre 1 

19b0 

4 Bazin i France) ASCE Hyd. Div~, Vol. 89, n o. o5 H 110 (h = 9 ft). Exceptionally rough channels. 
No. 2 

-··· 

Bretting (Denmark) Hydraulik. 1960 n may be as high as 0. 04 ... 0. 07 ft 116 for section with 

.. heavy growth. ------~"--· 
ASCE Hyd. Div. ~ Vol. 91, information of importance for prediction of roughness 
No. 2 and slope for known material and discharge. 

6 

Correspondence n:0,04-0.05ft 116 (k>3ft} 

Rouse Fluid Mechanics for Hydraulic n 0. 025 - o. 040 t
1

/
6 

for ''earth with weeds." 
Engineers, 1908 

f---
no 0. 03 ft 116 Simons Colorado State Univ. Col. Cer. for H some weed effect. 0 

No. 57. DBS 17 
··---··· 

10 VenTe Chow Ope:t-Channel Hydraulics n '> 0. 1 ftl/o for very heavy growth (p. IOZ} 
1959 

!t 1/6 
(p.l04) -- n - 0.08 for depth >4ft with brush and waste. 11 

-- Combined evaluation including soil, ~r~e~.u~:rf~\y/5 carn~ss .. sectioni obstruction and vegetation 
0. 07 ft /6 for meandering (p. 109}. 

12 

-- n = 0~ 05 for pasture and high grass and mature 
field crop 

Parsons 01 Vegetative Control of Stream- C 23 Jog R Alog hC - 98 (Fig. Zl) with the 
bank Erosion. 11 Mise Pub. kind of condifiona ~ described in photos of 
970, u.s. Agric. Dept. n = 0. OS 0.07 

14 

Paper No~ zo. 1965 

15 Ree Agriculture Engineering for n - o. 03- o. 3 ft 116 

April 1949, oo, 184-187 

16 Tickner Tech Memo* 95 (USCE), 1957 Flume tests, u 35 Et/sec n - 0. OS ftl/o max 

17 Dutch Government Special Report n - o. 05 to o. 07 ft 1/6 

(by courtesy of Per Bruun) 



Condition 

Dtpth range 
approx1n1ate 

Mean veloc1ty 
range 

Length of grass 

Other 

n 
{onh·r of 
r1agnitude) 

(by courtesy of Per Bruun) 

TABLE IV 

n Factors Suggested 

Slow Inflow 

l-2 ft/ sec 

> 5 {t 

> 4-5ft/sec 

Any length 

Irregular 
growth 

0. I 0. 2 fl 116 0. 05 ftl/ 6 

6-10 ft 

Irregular growth 

0.08 ft 116 

6 -10 ft 

Bottom veloc1tv 
3 ft/se~.~ , 

About 3 ft 

Irregular growth 

Return Flow 
in Gene rat 

10 ft droppmg down 

no 0.04- 0.05 H
116 

for rapid flow, 
maximum depth 

n o.o6-0,07ft 116 

ior meciium ciepth, 
raptd flow 

n 0. 1 - 0. 2 ft 
1 i 6 

for shalloVv depth, 
slow flow 

.. 



An initial table of B as a function of distance from the open end of the 

channel was already stored in the computer. For the cases where the 

Gulf Outlet Channel was assumed not to exist n was simply taken as 
e 

0. 08. 

The hydraulic radius of a composite channel was taken as the area 

divided by the surface width. 
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3. THE EFFECT OF THE MISSISSIPPI RIVER-GULF OUTLET ON 

SURGE ELEVATIONS IN STUDY AREA A 

Hurricane Betsy and the Synthetic Hurricanes used in this study can be 

considered as relatively large storms which produce comparatively slow 

rising storm surges. The relative effect on surge elevations of the Gulf 

Outlet Channel can be expected to be extremely dependent upon the rate 

of rise of the storm surge. 

The problem at hand is one of time dependency. In order to evaluate the 

time dependency two approaches were used. 

a) The area near the Inner Harbor Navigation Canal was 

treated as a channel and the effect of fast and slow rising 

storm surges at the entrance near Lake Borgne on surge 

levels within the channel was investigated numerically. 

b) The Gulf Outlet Channel will act as a channel to increase 

the conveyance of water into the area of interest. On the 

other hand, the surface wind stresses will be reduced 

because of the inverse depth effect of the wind setup 

equation. An attempt was made to evaluate this effect. 

3. 1 Results of Numerical Surge Routing 

Figure 5 shows a schematic of the numerical models employed. The 

theory was presented in Section 2 and the computer program used is 

given in Appendix D. 

Figures 6, 7, and 8 are the results of these calculations from a very 

rapidly rising hydrograph, a moderately fast rising hydrograph, and a 

slow rising hydrograph, respectively. The four separate cases used 
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with each hydrograph are: 

I existing levees with no Gulf Outlet Channel 

II existing levees with the Gulf Outlet Channel 

III proposed levees with the Gulf Outlet Channel 

IV proposed levees with no Gulf Outlet Channel 

It is seen from the above study that there is a decided difference in 

effects from fast and slow rising hydrographs. For the slowest rising 

hydrograph, the maximum surge elevations are essentially the same 

for all four cases studied. It can be concluded, therefore, that the 

Mississippi River-Gulf Outlet had very little effect on the maximum 

storm surge generated over Study Area A by Hurricane Betsy. 

3. 2 Effects of Channel Conveyance and Surface Wind Stress 

An alternative method can be used to establish the effect, if any, that 

. the Mississippi River-Gulf Outlet might have had on the increase in 

surge elevations. This was discussed in Section 2. 3 on conveyance 

factor. 

The equation for the conveyance factor is repeated here from the section 

on theory: 

')I 
( 

Ac )5/3(p m)2/3 (D + S}m 
A P (D + S) m c c 

n 
_m 
n 

c 

where the symbols have been previously defined. 

(7 2) 

It will be convenient at this time to take into account the actual dimen­

sion of A, P and D for both the channel entrance and the marshland 
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entrance. The planform factor N can be taken into account later to 

determine y for various reaches up the channel to the final terminal. 

For the Mississippi River-Gulf Outlet channel the mean depth will be 

taken as D + S = 38 + S, where it can be assumed that such depth 
c 

corresponds approximately to the conditions when the marshland is just 

on the verge of flooding, so that the depth of the marsh is equal to the 

surge elevation, i.e., D + S = S. 
m 

The wetted perimeter of the channel will only be approximated by 

P = 500 + 2( 38 + S) = 576 + 2S, assuming that the tide above the marsh-
e 

land level will enter this part of the problem. The wetted perimeter of 

the marshland, taken by the Lake Borgne portion, is approximately 

11 miles or P = 58, 000 feet. m 

The cross-sectional area of the channel, of course, will rise above the 

marshland elevation and should be based on a rnean width channel of 

500 feet such that the area is given by A = 500(38 + S). The cross-
e 

sectional area of the marshland entrance will be given simply by 

A = 58,000 S. 
m 

Combining the above three hydraulic geometry factors, one obtains for 

this Study Area A 

(D + S) 
m 

(D + S) 
c 

[ 38 + s J 2 /
3 

o. 345 1_?(288 + su ( 7 3) 

For the marshland n = 0. 08 and for the Gulf Outlet n 0. 025 have 
m c 

been estimated whence 

n 
m 

n 
c 

= 
0.08 

0.025 
= 3. 2 
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The combined wind stress and bottom stress T + T for the marshland s b 
is known to be greater than that for an ordinary cut channel. An estimate 

of the relative magnitude can be obtained by considering 

1 + 
Tbc 

,.s 

1 + 
Tbm -

( 7 5) 

Ts 

since ,.
5 

for the water surface will be the same for either the channel 

or the flooded marshlands. The stress is proportional to the square of 

the velocity (wind or water), and from Manning's equation, it can be 

seen that 

Hence, the ratio 

2 
n 

c 
and 'rbm ~ 

2 
n 

m 

(_nnmcJ2 \ j = (3. z/ = 10. 2 

and for ordinary bottom conditions such as the channel, and based on 

Lake Okeechobee studies, 

0. 1 

It then follows that 

1.1 = o. 55 (76) 1 + 1. 02 
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The next factor to consider is the planform factor N(X). For a channel 

of constant width and depth N (X) = 1. 0 for all stations up the channel. 
c 

For the marshland the depth remains essentially constant but the width 

changes with distance inward from Lake Borgne. It then follows that 

the ratio is 

N (X) 
c 1 

= N {X) 
m 

N (X) 
m 

when N (X) is the planform factor for the marshland, and at the 
m 

(77) 

entrance N ( 0) = 1, but increases to N (L) = 1. 36 at the upper end. 
m m 

The derivation of the planform factor is presented in Appendix E. 

Equations 72, 73, 74, 76, and 77 lead to the forced conveyance factor 

y whence 

'Y ~ 38 + s ~2/3 1 
O. 61 (288 + S) N (X) 

m 
(78) 

The average increase in surge of the Study Area A due to the Mississippi 

River-Gulf Outlet is given by 

as = ys (79) 

whereas the total increase in surge due to both the Mississippi River­

Gulf Outlet and the planform factor is given by 

/)S = N (X) yS 
m 

( 80) 

It canbe seen from Eqs. 77, 78, 79 and 80, that the total increase in 

storm surge due to both the Mississippi River-Gulf Outlet and the 

planform factor is exactly the same for the entrance as it is for the 
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upper reaches, since N (X) from Eq. 78 cancels that given in Eq. 80. 
m 

This is as should be expected because the case at hand is one of steady 

state. 

It can also be seen, because of the convergence of the marshland, that 

the direct effect due to the Mississippi River-Gulf Outlet is more pro­

nounced at the entrance to the marshland than it is for the upper 

reaches. That is, the effect at the entrance is 1. 36 times that at the 

upper end of Study Area A. 

At the entrance to the marshland from Lake Borgne, 

whence 

and 

[ 38 + s J 213 

y = 0 · 61 ~(288 +S)J 

[ 38 + s J 213 

AS = 0.61~(288 + SlJ S 

N (X) = 1. 0 m 

( 81) 

( 82) 

At the upper end of the marshland near the Inner Harbor Navigation 

Canel N (L) = l. 36, whence 
m 

and 

[ 38 + s J 2
/
3 

= O. 45 l? (288 + S.2J 

[ 38 + s ] 2
/ 3 

AS = Nm ( L) yS = 0. 6 1 ~ ( 288 + SLJ S 
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Figure 9 gives relations for y and /::.S for the entrance and the upper 

end of the marshland based upon the previous equations. As suggested 

previously, Eqs. 82, and 84 give identical AS vs S relationships for, 

respectively, the entrance to, and the upper end of, the marshland 

because the planform factor appears as a ratio on itself. 

The conclusion from this part of the study is that the Mississippi River­

Gulf Outlet had an effect of increasing the storm surge throughout the 

marshland for Hurricane Betsy by about 0. 3 to 0. 4 feet maximum 

elevation. 

49 



\}1 

0 

0.16 ,--------;-----,---,-------,---,-----,----,------.----,------,-------, 

I 
0.14 

0.12 

0.06 

~-t 
i 
I 
I 
I 

~----r---~---~---~--~ 

I 
;- -----t------r----r----t---+----+--+-----1 0.6 

I 
I 

y vs S UPPER END 
MARSHLAND 
(LEFT SCALE! 

0 ~----~----~----~----~~----~----~----_L----~------L_--~0 
0 2 4 6 8 ~ ~ ~ ~ ~ ~ 

STORM SURGE ELEVATION , ft, MSL 

Figure 9 

Marsh-channel forced conveyance ratios and computed corrections 

to storm surges for channel effects 

• 



4. HURRICANE WINDS AND SURGE PREDICTIONS 

4.1 Hurricane Tracks 

The hurricane tracks which were used in this study are shown on Fig. 10. 

The Hurricane Betsy track was taken from the maps supplied by the 

New Orleans District, Corps of Engineers from the U.S. Weather 

Bureau Hydrological Meteorology Section. The SPH and PMH tracks 

were chosen to yield the maximum surges in the area under study. 

4. 2 Choice of Traverses to be Used for Predictions 

The area for which predictions are required is not accessible by a 

direct traverse. A traverse drawn from the area (Fig. 1 0} perpendicular 

to the offshore bottom profiles will cross the "Surge Reference Line 11 of 

the New Orleans District Report. The "Surge Reference Line" appears 

to be the locus of maximum observed surge elevations. Behind this line 

it is no longer possible to consider a buildup of water level with distance 

under the direct action of wind stress. 

Two traverses were chosen (although others were tried} and are shown 

on Fig. 10. They cross the edge of the marsh at the locations: 

1} Mississippi River-Gulf Outlet Mouth 

2} 

0 0 
Lat. 29.705 Long. 89.425 

Christmas Camp Lake 

Lat. 29. 828° 0 Long. 89. 309 

The zero points on the traverses were located at the latitudes and longi­

tudes given above. Distances offshore were taken as positive and 

distances measured over the marsh were taken as negative. 
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Figure 10 

Map showing hurricane track and offshore traverses 

PA-3-10297 
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The marsh was assumed to have a water depth of -2 feet, mean low 

water. All other water depths were used as read off U.S. Coast and 

Geodetic Survey Maps 1115, 1116, 1270, 1271 and 1272, relative to 

mean low water. 

4. 3 Results for Hurricane Betsy 

4. 3. 1 Windfields, Pressures and Hurricane Track 

The x-components (onshore) of the wind stresses as a function of time 

during Hurricane Betsy for the Mississippi River-Gulf Outlet traverse 

and the Christmas Camp Lake traverse are given in Figs. 11 and 12. 

The CPI, radius to maximum winds and hurricane center coordinates 

are given at various times in Table V. The values plotted in Figs. 11 

and 12 and tabulated in Table V were used as input to the computer pro­

gram for the bathystrophic storm tide. 

4. 3. 2 Storm Tide Predictions for Chosen Traverses 

The storm surges as predicted by the computer programs with the co­

efficients tabulated in Table VI for selected stations are shown plotted 

in Figs. 13 and 14. 

4. 3. 3 Comparison and Correlation with Observations 

The points at which storm surge predictions are required are shown as 

B, C, D, E, and F on Fig. 15. Figure 16 presents a summary plot of 

all records in the vicinity of the current study. 

There is no recording gage near points A or B. The Paris Road gage is 

very close to point C such that correlations of the predicted hydrographs 

along the chosen traverses could be made with the Paris Road Bridge 

gage. Three point predictions were chosen to correlate with the Paris 

Road Bridge record. They are shown together with the Paris Road 
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Day 

TABLE V 

Parameters for Hurricane Betsy 

·--- ----~------r------------------------~---·--------r 

Time, 
CST 

HurricanE> CE>nl€' __ Radius to CPI, 

Latitud€' 1 Longitude, Max Winds, inches of 
degs degs nautical miles mercury 

f-======lf====f===:.::=c~:=:.:.:c=l===--~ -~'="---- ·- ==f===::c..::=::l..:..::====l 

Forward 
Speed, 
knots 

Max Winds, 
knots 

Sept. 9 0000 25.90 

0600 26.35 

1200 27. 15 

1500 27.75 

1800 2!l.35 

2100 28.94 

29.60 

30. 10 

0600 30.64 

Sept. 10 0000 1 
0300 

-~----'-- -----L 

85.25 

86.75 

88.05 

88.60 

89. 15 

89.85 

90.50 

91. 05 

91.55 

22.0 28.0 15. 25 100 

24.0 28.0 14.11 100 

2 I. 0 2il.O 14. 22 101. 5 

30.0 28.0 10.27 105 

31. 0 2ti.O 10.86 106 

37.0 28.0 11.41 106 

37.0 28.0 10. 32 91 

37.0 28.0 9.04 86 

37.0 28.3 8.97 70. 5 



TABLE VI 

Traverse Parameters and Coefficients for Hurricane Betsy Storm Tide Predictions 

!Latitude of Longitude of Wind Stress 
Offshore bottom Marsh bottom Coriolis 

Traverse Azimuth, friction friction 

degree shore line, shoreline, coefficient coefficient coefficient 
Parameter 

deg_ree degree 

Mississippi 309. z Z9. 705 89.425 3 X 10-6 5 X 10-3 9 X 10- 2 7. Z8 X 10-5 

River Gulf 
Outlet 

Christmas 294.0 29. 8Z8 89.309 3 X 10-6 6 X 10- 3 9 X 10- 2 7.28x 10-5 

Camp 
Outlet 
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Bridge record on Fig. 17. The apparent correlations are not too good. 

Two main reasons are apparent for this discrepancy. 

a) The simplification of the complete storm tide equation 

leaves out almost all inertia effects. The effect of this 

will be to predict the peak tide much earlier than the 

observed peak and the predicted fall in water level after 

the peak will occur at a much too rapid rate. Both of 

these phenomena are seen on Fig. 17. This phenomenon 

will be of particular importance for Hurricane Betsy 

which was a comparatively fast moving storm. 

b) No system of equations can really be expected to predict, 

with a great degree of accuracy, the complex physical 

phenomenon of flooding over marshland, bayous, houses, 

trees, etc. The assumptions implied in the equations as 

used include a vertical integration. That is, the water 

flows are averaged vertically. The computation of storm 

surges over semidry land must be regarded as an art rather 

than a science. 

In view of the above limitations and the apparent discrepancies between 

"first predictions" and observations in Fig. 17, two methods of improving 

correlations were considered: 

a) Regression analysis with assumed predictor equations. 

b) Adjustment of surge peaks to agree with observations by 

means of "surge adjustment factors, " as originally proposed 

in the New Orleans District Interim Survey Reports, "Lake 

Pontchartrain, Louisiana and Vicinity" and "Mississippi 

River Delta at and below New Orleans, Louisiana." 
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4. 3. 4 Regression Correlation 

The predictions at three stations were chosen for use in the predictor 

equation 

Y (t) ~ X (t) = a
1 

A (t) + a 2 B (t) + a
3 

C (t) 

where 

Y (t) is the observed water level at the Paris Road bridge 

X (t) is the predicted water level at Paris Road bridge 

(85) 

A (t) is the computed water level at the station = 30 n. m. on the 

Christmas Camp Lake traverse 

B (t) is the computed water level at the station - 20 n. m. on the 

Christmas Camp Lake traverse 

C (t) is the computed water level at the station- 16 n. m. on the 

Mississippi River-Gulf Outlet traverse 

The first step was taken as a shift in the time axis of the predictions of 

five hours to compensate for the inertia effect of the water. The values 

of Y (t), A (t), B (t), C (t) which were used are tabulated in Table VII. 

The resulting equations, corresponding to Eq. 26, c:.re 

615.91 a 1 + 567.02 a 2 + 547.13 a
3 

= 446.53 

567.02 a 1 + 522.99 0'2 + 504. 19 a 3 = 412.92 

547.13 a 1 + 504.19 a 2 + 490.34 a
3 

= 407.51 

The solutions of Eq. 86 yield 

Q'l = -2.045 

Q'2 = 0. 652 

Q'3 2.443 

The prediction equation to be used becomes: 
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Day 

Sept. 9 

Sept. 10 

TABLE VII 

Surge Observations and Predictions used in 

Correlation Analysis 

Observed Predicted Predicted 
!water level water leve 1 water level 

Time at .~ at -30 on at -20 on 
Paris Road CCL . CCL 

traverse traverse 

llOO 3.2 2.3 2.6 

1700 4.6 3. 7 3. 7 

2000 6.9 6.2 6.0 

2300 9.5 8.8 8. 1 

0200 9.8 16.8 15.8 

0500 9.3 14. 1 12. 3 

Predicted 
water leve 
at-16on 

MRGO 
traverse 

2.6 

4.0 

6.2 

9.2 

13.9 

12. 3 

Peak surge value does not appear because of shift in time axis. 
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Water level at Paris Road bridge = -2. 045 times 

the water level at -30 on the Christmas Camp Lake 

traverse + 0. 652 times the water level at -20 on the 

Christmas Camp Lake traverse + 2. 443 times the 

water level at -16 on the Mississippi River Gulf­

Outlet traverse. 

The results of this prediction scheme for Hurricane Betsy are shown 

on Fig. 18. Confidence in such a prediction scheme could be expected 

for a hurricane which has a similar traverse and speed to Betsy. It is 

apparent that more elaborate prediction schemes can be developed. 

Because of their empirical nature prediction schemes can only be ex­

pected to give reliable results for conditions which are almost repetitive. 

In particular, for example, any hurricane whose eye passes over one of 

the traverses will yield too low a storm surge prediction along that par­

ticular traverse because the resulting prediction equation is not applicable 

in this case. 

The above method has been presented to illustrate the use of correlation 

techniques based on storm surge predictions for an area for a specific 

hurricane track utilizing the available hydrographs and hurricanes traveling 

close to that track. For conditions of sparse data and several completely 

different hurricane tracks the method appears to be impractical, and it 

was therefore necessary to return to the 11 surge adjustment factor" based 

on matching peak surges. 

4. 3. 5 Surge Prediction Factors 

The surge prediction factor can be considered as a special case of the 

regression-correlation technique in which only one point correlation is 

made, The least squares criterion reduces to the choice of zero error 

for one point--the peak surge--at which the surge factor is computed. 
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The factor was defined as the peak surge observed at a location divided 

by the peak surge predicted by the theory at a nearby location. This 

yields surge adjustment factors Z .. where i is the station for which 
lJ 

predictions are required and j is the station for which computations were 

made. Table VIII presents the results of the determination of these 

factors for the locations B, C, D, E and F on Fig. 15 from the compu­

tations made for stations 0 and -16 on the Mississippi River-Gulf 

Outlet (MRGO) traverse and for stations 0, -20 and -30 on the Christmas 

Camp Lake (CCL) traverse. 

4. 4 Results for Synthetic Hurricanes 

4. 4. 1 Wind Fields, Pressures and Hurricane Track 

Two synthetic hurricanes were considered: the standard project hurri­

cane ( SPH) and the probable maximum hurricane ( PMH). The hurricane 

tracks were chosen, after discussions with New Orleans District per­

sonnel, such as to produce critical storm surge elevations in the vicinity 

of the Inner Harbor Navigation Canal (Fig. 18). The hurricane coord­

inates, forward speed and maximum winds for the SPHs are given in 

Tables IX through XI. The radius to maximum winds was taken as 

30 nautical miles and the forward speed was 11 knots for all storms. 

The hurricanes corresponding to PMH conditions are identical with the 

SPHs in many characteristics. The differences are: 

a) The maximum (and all other) wind speeds are increased 

14 percent. 

b) The CPis are reduced from the typical SPH values of 

27. 6 to 26.9 inches of mercury. 

The wind fields for the SPHs and PMHs were computed using the com­

puter program given in Appendix C. This program produces cards as 

output with the wind stress components along and perpendicular to a 

chosen traverse for each point specified on that traverse. 
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TABLE VIII 

Surge Prediction Factors for Hurricane Betsy 

Required 
Station 

B c D E F 
Computed . . 

Station 
. 

MRGO (0) 1. 00 I 1. 02 0.885 0.885 0.990 

MRGO {-16) 0. 691 0.705 0.612 o.l:d2 0.683 

CCL ( 0) 0.905 0.925 1. 03. 0.915 0.895 

CCL (-20) o. 610 0.621 o. 692 0.615 ·0.602 

I CCL (-30) 0~ 572 0. 585 0.650 0.578 0.567 
I 

' 
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TABLE IX 

Hurricane Parameters for SPH on Track Sigma 

Time, H Long, H Lat, v max' 
Hours before degree degree knots 

Land 

30 83.83 27.18 89.4 

27 84. 37 27.40 89.4 

24 84.95 27.63 89.4 

21 85.54 27.86 89.4 

18 86. 12 28.09 89.4 

15 86.69 28.47 89.4 

12 87.29 28.55 89.4 

10 87.65 28.69 89.4 

8 88.03 28.84 89.4 

6 88.42 28.99 89.4 

5 88.61 29.07 88.5 

4 88.80 29. 14 88.5 

3 89.00 29. 22 88.5 

2 89. 19 29.29 88.5 

1 89.30 29.36 88.5 

0 89.57 29.44 87.5 

-1 89.77 29.51 87.5 

-2 89.96 29.59 86.8 

-3 90. 15 29. 66 86.8 

-4 90.34 29.73 86.8 

-5 90.53 29.80 83.4 
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TABLE X 

Hurricane Parameters for SPH on Track Epsilon 

Time, H Long, H Lat, v max' 
Hours before degree degree Knots 

Land 

30 84.87 25.82 89.4 

27 85.34 26. 17 89.4 

24 85.82 26. 52 89.4 

21 86.47 26.87 89.4 

18 86.78 27. 21 89.4 

15 87.26 27.56 89.4 

12 87.75 27. 7 2 89.4 

10 88.07 28. 15 89.4 

8 88.40 28. 38 89.4 

6 88.73 28.61 89.4 

5 88.89 28. 73 88.5 

4 89.05 28.85 88.5 

3 89. 20 28.96 88.5 

2 89.38 29. 08 88.5 

1 89.54 29. 20 88.5 

0 89.70 29. 32 87.5 

-1 89.87 29. 43 87.5 

-2 90.03 29. 59 86.8 

-3 90. 19 29. 66 86.8 

-4 90. 35 29.77 86.8 

-5 90.51 29. 88 83. 4 
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TABLE XI 

Hurricane Parameters for SPH on Track Chi 

Time, H Long, H Lat, v 
max' 

Hours before degree degree Knots 
Land 

30 84. 28 26. 51 89.4 

27 84.81 26.80 89.4 

24 85.34 27.08 89.4 

21 85.86 27.36 89.4 

18 86. 39 27.65 89.4 

15 86.93 27. 93 89.4 

12 87.47 28. 22 89. 4 

10 87.83 28. 41 89.4 

8 88. 19 28.60 89.4 

6 88.55 28. 79 89.4 

5 88.73 28.89 88.5 

4 88.91 28.99 88.5 

3 89.09 29. 08 88.5 

2 89. 27 29. 18 88.5 

1 89. 45 29. 27 88.5 

0 89.62 29. 37 87.5 

-1 89.80 29.46 87.5 

-2 89.98 29. 56 86.8 

-3 90. 16 29. 65 86.8 

-4 90.34 29. 75 86.8 

-5 90.52 29. 85 83.4 
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4. 4. 2 Storm Tide Computations for the SPH and PMH 

The unadjusted. open coast storm surges. as predicted by the computer 

program, are plotted in Figs. 19 through 24. (These are the values 

taken directly from the computer program and need to be adjusted by 

the prediction factors of Table VIII.) 

The wind and bottom friction stress coefficients were identical with 

those used for Hurricane Betsy. The same wind fields were used for 

the PMH as for the SPH but the wind stress was increased by ( 1. 14)
2 

Adjusted predictions for the synthetic hurricanes for points B, c. D, 

E, and F with and without the Gulf-Outlet Channel and with the proposed 

protection works are summarized in Table II. The four separate cases 

are: 

I Existing levees with no Gulf Outlet Channel 

II Existing levees with the Gulf Outlet Channel 

III Proposed levees with the Gulf Outlet Channel 

IV Proposed levees with no Gulf Outlet Channel 

The first predicted peak surge levels in Table II were computed by 

applying the surge prediction factors of Table VIII to the peak surges 

shown in Figs. 19 through 24. The three stations used to fix these surge 

levels were CCL-30, CCL-20, and MRG0-16. The three predicted 

values for each point, B, C, D, E, and F, averaged to yield the values 

in Table II. The surge levels at point A were used as MRG0-0 with no 

prediction factor. 

Further adjustments for the various conditions for the various conditions 

(Cases I, II, III, and IV) were made. These adjustments were made on 

the basis of the numerical results shown in Fig. 8 since its surges were 

"shear rising. 11 The peak surge levels for cases II, III and IV are identical. 
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The predictions of the synthetic hurricane storm surge peaks for point C 

(Paris Road Bridge} using the correlation equation derived in Section4.3.4 

are summarized in Table XII. Values of Case II, point C, taken from 

Table II are also listed in Table XII for comparison purposes. 
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TABLE XII 

Comparison of Correlation Method with Surge Prediction Method 

for Point C, Case II 

Surge Peak Using Surge Peak!Using 

Hurricane Track Correlation Prediction 
Eguation Factor 

SPH Sigma 10.4 10. 3 

SPH Epsilon 11. 0 10. 5 

SPH Chi 10.6 10.7 

PMH Sigma 11. 8 12. 0 

PMH Epsilon 12. 5 12. 4 

PMH Chi 12. 2 12. 3 
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APPENDIX A 

COMPUTER PROGRAM FOR BATHYSTROPHIC STORM TIDE EQUATIONS 



Logic Flow 

1. Read number of stations NX , number of time steps NT , bot­

tom friction factor, wind stress factor, coriolis factor, bottom 

friction factor for marsh. 

2. Read shoreline parameters: azimuth, longitude, latitude and 

normal pressure. 

3. Read hydrography d versus x. 

4. Read time card. 

5. Read hurricane parameters: longitude, latitude, radius to 

maximum winds, C. P, I. , astronomical tide. 

6. Read wind stress components WWX, WWY versus X. 

6A. Read initial surge and longshore flow (never used in this study­

inserted as a comment card). 

7. Repeat from 4 through 6 for number of time steps. 

8. Determine X, Y coordinates relative to position of hurricane 

center and compute the term .t:.P in inches of mercury. 

9. Write out all input data. 

10. Compute .t:.t. Do through 23 NT times; J = 1, NT. 

11. Compute .t:.x. Do through 22 NX times; I= 1, NX. 

12. Compute best estimate of total water depth including astronomical 

tide, 1. 14 .t:.P, and storm surge from previous station at this time. 

13. Check total water depth. On negative to go 14; on positive go to 

15. 
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14. Dry land. Set surge, discharge and water level to zero. Go to 11. 

15. Check depth value. On negative use coefficients for marsh. On 

positive use coefficients for offshore. 

16. Compute longshore discharge, Q(I, J). 

17. Compute storm surge, S(I,J). 

18. Compute water level above mean sea level, WL (I, J). 

19. Check to see if water level plus depth is negative. If yes go to 

20. Ifnogoto21. 

20. Dry land. Set water level to zero. Go to 11. 

21. Store discharge, surge and water level. 

Z2. Is I NX? If yes go to 23. If no go to 11. 

23. Is J =NT? If yes go to 24. If no go to 10. 

24. Write out values of Q(I, J), S(l, J), WL(l, J) for each station 

and time step. 

25. End 

Preparation of Input Data for Computer 

All input data is on IBM cards prepared according to the following list. 

1. Title Card: Any combination of traverse name, numbers, hur­

ricane name, etc. up to 72 characters. Called for in A-Format 

statement. 

2. Coefficients Card: 

a) Number of stations as a fixed point number ending in column 5. 

b) Number of time steps as a fixed point number ending in col­

umn 10. 

c) Coefficients of normal bottom friction, wind stress, coriolis 
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and marshland bottom friction. All used as exponential format 

numbers ending in columns 25, 40, 55, and 70, respectively. 

3. Shoreline Parameter Card: 

a) Azimuth of traverse, longitude and latitude. All in floating 

point format using 10 columns each. Decimal point location 

is arbitrary. 

b) Normal pressure. 10 digit floating point number, decimal 

point location is arbitrary. 

4. Hydrography Cards: Program requires the number of cards 

specified in 2 a containing two numbers each: water depth and 

distance offshore at arbitrary values but in sequence starting 

from furthest offshore. 10 digit floating point numbers with 

arbitrary decimal point location. Negative values of depth and 

distance offshore are permitted. 

5. Time Card: 

a} Time of day in hours and decimals. A 10 digit floating point 

number with arbitrary decimal point location. 

b) Month, day and year contained in columns ll through 28. A­

Format is used such that any combination of 18 letters and 

numbers is permitted. 

6. Hurricane Parameter Card: 

a) Longitude and latitude of hurricane eye. 10 digit floating point 

numbers with arbitrary decimal point location. 

b) Radius to maximum winds and C. P. I. l 0 digit floating point 

numbers with arbitrary decimal point location. 

c) Astromonical tide. 10 digit floating point number with arbitrary 

decimal point location. 

7. Wind Stress Cards: Number of cards is specified by 2 a. They 

must be in the same sequence as the hydrography cards (item 4). 
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The onshore stress component must be listed first and the long­

shore component second. 10 digit floating point numbers with 

arbitrary decimal point location. 

Cards 5, 6 and sets 7 form one time block. The number of time blocks 

is specified in item 2 b. 

The program is set up to perform as many consecutive cases as are loaded 

at one time. It automatically proceeds with the computation of further 

storm tide cases starting with item 1. If no more cases are loaded, com­

puting stops. 

The total core capacity used by thP program in its current form is approxi­

mate! y 17, 000 on a:r; IBM 704. 

Fortran Listing {following pages) 
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PROGRAI-1 Tl DI::.S 

DI~EhS!O~ UAT !30t3) 
DIMENSION TITL£!121 

STORM TIO~ I T~0 O!Mt~SI~~S l 

DIMENSION X!BOlt T!3ul• DIBOJ, ~WYI&Ot30l• ~~XIBQ,jQ)• 
l WL!80.:3Cl• Sl80t30l• l.!l80t30l• DPU:!OdCl 

D I 1'~ EI~S I ON A I 30 l , rlLONG I 3 0 l • hl AT I 3 0 l , R I 30 l , P l I :, v l , X T I d 0 l • Y T I o 0 l 
9999 CONTINUE 

Rt..AD (5t900JIT!TLt!llti=ltl.!l Ski·•Y 
IF!EOF,5)222,333 

222 CALL EXIT 
333 ~RITI::. 16t90lll TITLE! I l•I ltl2l 
9lJ..; FORr·~ATC12A6l 

901 FORMATI1Hltl7HSTOR~ TIDe ALONG tl2A6,8HTRAVERSE//l 
RI::.AD 15• 7001 ~X• NT, ~~G~, ~MALLKt F,o!bKL 

7Uu FOR~AT 1215,4cl~·4l 
WK!Tt. (6,902li'<X,,Tn.:dut<.,.:,..,;.;LL:I.tf '"'1'-''-.L 

9~2 FORMATI//////////4H NX=I,,/4H NT=I5•14H o~=i::.l~oo,/4H SK=cl5odt/j~ 

XF=El5.8t/7H BIG~L=El~.B,///1/l 
READ 15•704JALFA,~L0NGtSLATtPN 

704 FORMAT14Fl0.01 
"/Rl TE (6,705l~;LFI-\,SLiJNG,SLAT,Pii 

705 FORMATI10Xt5HALFA=El~.o/lOXt6HSLONG=El~.8tllOX•~ri~LAT=i::.l'•6•/lOX• 
X j rl P 1~ = t 1:> • 13 I I I 

NX = r~x + 1 
READ 15• 7011 !Dill• XI II• i 2tNX l 

7vl FOR,•;AT I 2F 10ol l 
DO 1 J"'1tNT 
ReAD 15• 7021 TIJI ,DATE(J,l),uAT~IJ•21•0kl~1~•31 

702 FOR~ATIF1~·~•3A61 
READ (5o706lhLO~GIJltriLATIJJtRIJltPLIJI•AIJ) 

706 FORMATI~FlOaCI 
1 Kt.Au (5o 7G.:Jl I WI'•XIlt.J), ot.Yilo~lt 1=.:,;~.1\) 

703 FOR~AT12F10oOI 
I. REA u ( 5 , 7 0 3 l I (.; I I , l l • S I 1 , 1 l , L = ;: • 1\ X I 
C UPON R~MCVAL OF C I~ Ac~V~ CARD tREMCV~ M~ ICARUI 

Xlll = X!21 
E7G3 = 7.0 I 3•0 

C DE.Vt.LOP DP 
(USPHI=COS I ISLAT+hLATI~Jl/2.0/~7.2Y5bl 
L)Q 600 J=loi\T 
HLATIJl=(~LAT-HLATI.JI 1*60·0 

8Uu HLu~G I .J l =I SLiJNG-dLv''-'-' I~ l l *CvSPrl I ·*60 • 0 
ALFA=ALFA/S7.2YJB 
ALFAS=Sit\ 1.4LFAI 
ALFAC=COS IALFAI 
DO BLl 1=2tNX 
XTII!=XIII*:,LFAS 

801 YT I l J =X I I I "'.t.,Lf'~;( 
DO tl\, 2 1 = 2 , NX 
oo a.:,z J=l.~T 

Dil!!,JI=P,\-PZI..il 
V 0 I LA= S:; R T ( ( H L Q,\: G I J l -X T I I l I * * 2 + I ri LA T I .J l - Y T I 1 ) I * * 2 I 
IFIVOILA-l.CE-151 aoz,e~2•8w? 

80S DP!!,JI=tJPI!o.J) !Pi,-PLIJIJ*i:i<.P 1-i'<IJl/VUlLAJl 
b02 COt-. T l '1JC 

C Eh•J :JP 
( -----A~!Tt l!OT !~Puf JAlH---

WRlT~ (6,7~01 

·r j .J f 0 R ~.;A T I l ·H l , l 0 X t '+ H :) I i l , J b X , 4 ;-1 X I l I , I J 

~RIT~ ltt7?1Jiulll•XII lol=io~Xl 
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751 FORMAT!2E2Co8l 
wRI Tt ( 6 , 7 '::; 2 l ( T ( J l • A ( J l , h L iJi~G ( .; l , H LA T ( .J J , i~ ( J J • P l ( J I • J = 

Xl ,r-, Tl 
7 52 F 'J r< ;1,"' T ( I I 191. , i rll T • 1 4 A , H". k • .. ''X t '.> n n L l,; r, G t l U X t 4 n n L A 1 , l i X , 1 n i' • l4 X • <- n t-' l • 

Xl/(6c.l::>o6)) 
W R I T E ( 6 , 7 5 j l ( Q ( I .! l 'S ( I d J , X l! I l , Y T ( I I , X ( I l .I 2 , ;~X l 

7 5 3 F 0 r~ ~1 f, T ( 1 :-' 1 , 'J X , 6 f I v < I , 1 J • l 3 X • 6 H S ( I , l J , 1 4 X , ~ H X T ( I l , l 5 X • ::, ~~ Y T ( I l , 14 X ' 4 H 
1X!ll/I!SE2C.BJ l 

DO 666 J=l,NT 
WRITE (6,7'J5J 1(JJ,DAH.!JdltDA1c.(J,2l•OATE(J,3J 

7 5 S F 0 R :1. A T ( 1 n l , l 0 X , r l .; • (; ' 3 A 6 • I , 'i X , 9 rl <• ,., Y ( l ' J l , 12 X , b n v. ·'X ( I • J l • 1 2 X , 
l 7 n uP ( I , .J lt '' )( , '·::X < I l , ll 

754 FOR~AT!4EiG.Bl 
WRITE: (6,754) (I'.,;Y(l,JJ,;.,,,Xtl,JltL!P(I,..,), X<ll.i <::t<'<Xl 

666 CONTI:,_C: 
7 7 7 J = r,; T 

2 T!JI T!JJ T ( -ll 

3 
4 

5 
12 

15 

IF (T(JJJ 3, 3, 4 
TlJI T ! .; l + 2 L+ • J 
1 ( J l 36 • c * T ( J J 
j j l 

IF ( J - 2 J 5,2,2 
I r-x 
X ( IJ 6~0 .o ~- /\ :.JS (X(!J- };(i-ll 
l I 

IF ( I 
)( ( / ) ~. X ( _:, l 

JO :: J = 2, rn 
ui.) 6 1 3' r,x 

P T u 1 D < l J- ;, < J I t c, l4 *0P < l , J l 
PT0=PT"1+ (I-:,.:! 
IF !PT -~.~19• ,71 

77 IF!D!IJJ22t6~-;,6b 
2 2 ~..H I , J J ( s,~,A L L,;. * L' ,, Y ( l 'J -1 I + :,, w Y ( l , J l l * T ( .; l I 2 •:) +"' ( I , -' -l I J I 

l I 1.0 + "'l"f--L* TI~J/f-'TJ*·kr:70 *,..,_,:::,I \,I{I,.J-llll 
.:, ( 1 , J l I ::, i•, A L .,_><.I I 6 4 • j" '' ,_. T J J * ( ,.,..,.X ( l - 1 , .J l + ·,1 "X ( I , J ) J + r * "' I 1 , .J l I 

l l-'2-1'7 * f'Tu l I* XIII+ Sl!-1,_,) 
WL(I,Jl=PTUl+SI!,_,)-J,/a-J(i) 
GO TO 33 

66 Q(!,JJ ls;-:t,LL!(*I~>:.Y(l,J-lJ+.-.t,II!,Jll*T(.JJ/2•0+"'11tJ-lll I 
1 
S<ltJl 

l 

I loO +jiG( A TI.J)I~TU~*c.703 * AoS I w([,.J-llll 
1Sf~,ALL><.I(o4•34~'PTJJ *(~><•XII l•.Jl + vnvX(!,Jil + r* "'(l,JJI 

Diol7 * PTL) l J *XIII+ Sll-ltJl 
WL(l,Jl=PTu1+Stl,.Jl-Oo7o-J(ll 

33 lFiaLI I •Jl+01l I l44t6tb 
44 v.LII,JJ= .::; 

GO TO b 

'J ~(l,Jl :;. 
S!l,JJ=~.i.! 

tJL(I,JJ=::;.c 
c CwNTIN~t: 

7 

XUI 
DO 7 
X I l J 

D 8 B J = 2 , .~~ T 

X I 1 l 
I=3.~;x 

Xll-ll- XllJI60dJ. 

TIJl =AMuu ITI.;-lJ ~ TI..Jll-'60 .c , L4o0l 
rr1 tJJ~·1c,_.o 

~~IT !6tl9JuiiT!,~t,Tc.IJ•lltDAT~IJ•~I•JATr:IJtjJ 

l9"v FJi·0·1 T < lhl·l5dX•3~:Csr,:~,_ilco,::;\,/ll/ll.~d:;X,lHXd-+x,:n .. L••"';.' 
l 1 , 4 X , l ci :, I 
",{ l T I u • t:."" v I ( X I l I , ;. L I l , J l , I i , .J I , ~ I I , -· J , l :: ~ • :. X I 
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290v FORMAT IF15.2t2Fl5o3orl~·2l 
l:l CONTINUE 

GO TO 9999 
END 
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APPENDIX B 

SYNTHETIC HURRICANE WINDFIELDS 

by 

M. J. Viehman 



In predicting water wave and surge phenomena, a knowledge of the 

distribution of wind speeds and directions over the interface is essential. 

Here a numerical method is developed, utilizing the technique of Good­

year, Nunn, and others to compute the wind speed and direction along 

a coordinate line through a Standard Project Hurricane in Zones B and C 

in the Gulf of Mexico, as modified by Hydromet Memo HUR-7-85. 

Hydromet Memo HUR-7-85 (November 1965) modified the Standard 

Project Hurricane (SPH) of National Hurricane Research Project Report 

No. 33 in Zones Band C in the Gulf of Mexico, with moderate transla­

tional speed (MT) to conform with historical data given in Fig. B-1 from 

Nunn. This figure is a plot of R , the radius of maximum winds in 

nautical miles against the dimensionless ratio V /V at some distance 
max 

from the storm r (also in nautical miles) on semilog paper with lines 

of constant r drawn to the right of 9 0 percent of the historical data for 

the area. 

It is seen that any of the lines of equal r are of the form 

v 
log 10 R = m V + log b 

max 
(B-1) 

Values of m and b obtained from the lines in Fig. B-1 for the various 

values of r are plotted in Fig. B-2. The lines are seen to be well 

described by equations of the form 

log m = k log r + log C 1 (B-2) 

and 

log b = n log r + log c2 (B-3) 

Fitting Eqs. B-2 and B-3 by the least squares criteria gives 
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k = o. 15128 

cl = 3.354 

n = 1.607 

-3 
c2 = l. 265 X 10 

yielding from Eq. B-1 

or 

log
10 

R = 

V (r) = 
v max 

k 
cl r 

k V n 
r -- + log 10 c2 r 

vmax 

log 
R 

where the values k, c
1

, c
2

, and n were given above. 

(B-4) 

Equation B-4 evaluates the wind speed along the radial direction from the 

storm center through the point of maximum wind speed (since at r = R, 

V = V ), Figure B-3 shows this direction. For the SPH, which has 
max 

a wind incurvature angle of 25 degrees, the direction of the section is 

115 degrees measured clockwise from the storm direction. 

This direction through the maximum wind is taken as e = 0 degrees and 

the wind speed distribution around the storm at a constant r is taken to be 

VH 
v (r, e) = v(r) - ---z (l - cos e) (B-5) 

so that for equal values of r the wind on the opposite side of the storm 

(e = 180 degrees) will be the maximum wind minus the storm velocity. 

Equations B-4 and B-5, assuming the incurvature angle of 25 degrees, 

are sufficient to describe the wind anywhere outside the radius of maximum 

winds of the storm. 
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r = R 
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Figure B-3 

Radial direction through the maximum wind 
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Figure B-4 

Sketch of wind profiles for SPH and Eq. B-6 

PA-3-10314 

101 



\I 

PA-l-10315 

\ 
~ I 
\ 
I I 

\ I 

i I 
\ 
\ I 
I 

\ I 

I 

\II 
\I 

'I 

I 



Inside the radius of maximum winds a linear falling off of the velocities 

will yield a close approximation for surge calculations. Figure B-3 

shows this approximation. 

It is frequently found useful to specify the wind direction and magnitude 

by giving its components in some orthogonal system chosen relative to 

an offshore traverse. Such a system is shown in Fig. B-5. 

In order to complete a computational scheme to compute the wind along 

(V ) and perpendicular (V ) to an arbitrary traverse, the relationships 
X y 

between the various angles in Fig. B-5 need to be developed. A rela-

tionship between the storm position, specified as the storm 1s latitude 

H 1 t and longitude H 1 , the position x where the wind is to be com-a ong 
puted with the angle 9 needs to be derived. Simple addition and sub-

traction will yield 

e = 0 + 115 deg - y (B-6) 

where 

-1 
d 

tan 
long 

'I = 
alat 

d long = H 
long -X long 

dlat = xlat - Hlat 

and x 1 t and x 1 are the position where the wind is to be computed. a ong 
These are shown in Fig. B-6. 

To compute cos 9 directly without using an inverse function (i.e. 

tan -I :long), the trigonometric identity for cos (a - b) is used where 
I at 

a = o + 115 degrees (the cosine and sine of a may be calculated once 

and used through the calculation), and b y. Cos y is seen to be 
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Figure B-6 
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d d lat long equal to -- and sin y equal to if d1 t and d1 are in nautical r r a ong 
miles. To effect this, multiply d1 t by 60 and d1 by 60 cos <I>, a ong 
where <j> is the latitude of the hurricane. The result is: 

cos e = [cos ( 0 + 115 de g) dlat + dlong sin ( 0 + 115 deg) cos <I>] 
6
: 

(B-7) 

Now the angle j3 that the wind is making with the traverse (+x) must be 

found. Figure B-7 shows the angles necessary to make the computation. 

Figure B-8 shows these angles superimposed on one another so it may be 

seen that 

j3 = a - y + 90 deg + 25 deg (B-8) 

Again, the sine and cosine identities for sums and differences of angles 

are used giving 

"' cos j3 = ;: [ Dlong cos <I> (cos a cos 25 deg - sin a sin 25 deg) 

Dlat (cos a sin 25 deg +sin a cos 25 deg)] 

60 [ sin j3 = r Dlat (cos a cos 25 deg - sin a sin 25 deg) 

+ D1 cos <1> (sin a cos 25 deg + cos a 25 deg)J ong 

(B-9) 

(B-10) 

The computer program given in Appendix C uses the aforementioned scheme 

to compute the wind V, its components V and V , and the wind stress 
2 2 X y 

V cos j3 = UU and V sin j3 = UU • 
X y 

Equations B-8 and B-9 were also used to compute back the V /V from max 
which they were derived. Samples are shown in Fig. B-9. It is seen that 

the results tend to be a little low for large values of r in some cases. 

However, the contribution to the surge or wave phenomena at these low 

wind speeds is small. Even if the storm is considered stationary, 
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Figure B-7 
Angle wind makes with traverse 
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Comparison of sample point computations using derived equations with 

hurricane wind speed nomograph 



which is in violation of the premise, the speed of translation is 

moderate (MT), steady state values of either surge or wind waves are 

approached quickly and differences (in heights) are small at these 

wind speeds. 
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APPENDIX C 

COMPUTER PROGRAM FOR GENERATION OF WIND STRESS 

COMPONENTS ALONG A TRAVERSE 



Introduction 

This program is written to solve the equations developed in Appendix B 

to determine onshore and longshore wind stress components for a project 

hurricane along a specified traverse. The project hurricane is specified 

in terms of its latitude, longitude, radius to maximum winds, forward 

speed, and azimuth of direction of travel. The traverse is specified by 

its shoreline coordinates and azimuth. Points on the traverse are 

specified by their distance offshore. The wind stress components are 

put out on cards which are then used in the storm tide program described 

in Appendix A. 

Logic Flow 

1. Read number of time steps, number of stations along 

traverse, longitude and latitude of traverse and azimuths. 

2. Read values for distances offshore of stations for which 

stress components are required. 

3. Write out heading and shoreline parameters. 

4. Compute various constants and coefficients required in 

the equations. 

5. Read hurricane parameters at time specified. Repeat 

through for number of times specified in 1 (N = 1, NT). 

6. Write out hurricane parameters. 

7. Compute wind stress at point specified. Repeat through 

for number of stations specified in 1 (I = 1, NX). 

8. Write out wind stress components. 

9. Punch card containing wind stress components. 
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10. Return to 7 if station counter is less than NX; otherwise 

go to 11. 

11. Return to 5 if time counter is less than NT; otherwise 

go to 12. 

12. End. 

Preparation of Input Data 

I. Card Containing: 

a) Number of time steps: fixed point number ending 

in column 5. 

b) Number of stations on traverse: a fixed point number 

ending in column 10. 

c) Longitude and latitude of shoreline station (X = 0): 

two 10-digit floating point numbers. The position of 

the decimal point is arbitrary. 

d) Azimuth of traverse measured clockwise from the 

north to the onshore vector: a 1 0-digit floating point 

number with arbitrary decimal point location. 

2. One card for each station on the traverse. The number of cards 

is specified in 1 (b). Each card contains the water depth and 

distance offshore: two 1 0-digit floating point numbers with 

arbitrary decimal location. (The water depth is not used in 

this program but these cards exist from the storm surge program 

described in Appendix A.) Negative numbers are permitted for 

overland stations. 

3. One card for each time step specified in 1 (a): 

a) Forward speed of hurricane in knots: a 10-digit floating 

point number with arbitrary decimal point location. 

b) Azimuth of vector of direction of travel of hurricane 

measured clockwise from north: a 1 0-digit floating 

point number with arbitrary decimal location. 
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c) Longitude and latitude of hurricane eye: two 10-digit 

floating point numbers with arbitrary decimal location. 

d) Radius to maximum winds and maximum wind speed: 

two 10-digit floating point numbers with arbitrary 

decimal location. 

e) Time: a 10-digit floating point number used to identify 

the time. In the case of the project hurricanes this was 

chosen as the number of hours before landfall. 

Fortran Listing (following pages) 
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PR.JGRAM wiNDS 
C GE~ERATION GF WIND STRt SES ALONG A TRAVERSE 
C NJo OF TIMES = NT , STA IONS NX 
C C0L~Dl~AT~~ ~F Sn~~c Ll c !~LUNG, SLATI 
'- i"IT AZ!~.UTM ,..~..Pn/"1 vcGRi:.l 
(. HUKRl(Af,[ T,,;\VcLlil\u AT ,.;Ll11.cfh l-'t.LTAt :::Pc:.~.; VH• C.:.NTt:.r<t:.v 1-11 ""'""'"" 
C HLAT 
C MURRICANE PARA~ETERSt Rt (APR, VMAXtVH 

Ol~ENSION XI1COJ, TITLtl121 
L 0vv COl'< T I NUE 

RE~D !~PUT TAPE 5,&Q,NTtNX•~LUNG,SLAT,ALPhA 

b~ F~R~AT !21~•3F10.0l 

iF IECFt51 1113, 1112 
lll-2 CJNTINUE 

00 222 l=ltf'.X 
zz, ~~,.;.) INPUT TAPt s,&l,Q,~Ill 

ll FJR~AT 12FlC.OI 
;;RITE GLJTPL.T TAPe 6t83•·'d I',X•SLv•~'-'• L--'T,;;LPnA 

63 FC~~ATI 4Xt26~~1ND STK ~S ALGNG TRAVt.RSc:.,//1 ,x,4nNT •I'•~A•4n 

l~X =t!5t/ ~•.7nSLCNG ,~1 oj•4XtbhSLAT =•~10•j•/ ~Xt7hALPnA 
<.F1Co3l 
RA~IA:J=G.~l7453~s~~ 

T ~L~=0.4~4i944~1Y 
l 3.3:;;4 

C2 .CC1265 
rK ol5128 
F:~=1.60727 

CJSAL=COSFlKAOI~N*ALPh"l 

~,Jr,AL=Sll\1 (f\.2,Dii-IN*/,LPHI-I) 

~.:;szs=c .:;,~t::-0779 

CJ 1111 f\ = 1 , NT 
r;:r:AD INPt.;T !APe:. 5to2.vn.ut.LT,:I,tHLuNutHLATt<-APK,VI·,AX.Ti:•lc 

82 FO~MAT 17F1~.0l 
~RlTt OUTPuT TAP~ 6t64tJntD~LTAt~L~~G,HLATtCAPKtV~AXtTIMt 

64 FOR~ATI/ 4Xt39HH0RklCANc:. TRAVeLLING ~ITH FuR~AKu SPttutfdo2,lXt 
l ::i r1" H () T S • / :>" , l Uri AT A Z I''' u T H t I' l U • ~ , 7 m;::. G R t c :0 t I 
~~Xtl6HCtNT~RlD 1-\T LuN0t~lO.~t3Xt3HLATt~l0•j•/ 

.::SXt21HRADiuS 0~ f·':AX vi11\tJS ,f lOdt/ 
45Xtl7HMAX ~lND SPc:.cO IS.~ lOojtlXt::iM~NuTs,;,,x,FlO•~•L~h nUJKS ucr 
:>Oi<i: LM.UFALL l 
~;IT~ OUTPUT TAP~ 6t92 

~2 FORMAT(// 5Xo3H~WXt7X,~~~AYt7XolHX,9XtlMVt9Xt2nVYtOXtiHVXJ 
CJJll5=CGSfiRAUIAN*IutLTA+ll,•Oll 
SiDll5=SJNFIRADIAI\*IULl!A+ll:>•Oll 
;)0 llll l=loNX 
XLAT SLAT-XI I l*COSAL/oO•O 
XL0NG=SLONu+X( l l~61NAL/160ou*COS~IXLAT~RAu!Af'.lJ 
D;.A-:-=XLAT-HLAT 

0 L 0.\'-' :H LO .• u- XL ONG 
CJSPMl=CQSfiPHidARl 
K = 6 v. 0 * S :," T ~ ( D i.. AT.,; ·~ ~ + l u U!I\Gk l.v S l-11 l ) "* ~ I 
IF 1:~-CAP:~ll.lti 

IF IR-CAP~/j,J) 3t3t4 
3 'J .::, 0 v 

GO T 0 5 
4 CJ..oTn=(CC·l)]lS*DLA.T+S!Ol':J* LUI~ll'C..l•Si"Hl l"bCoO/K 

V ( (3oO*'\-(f1.i-''~)/(2oC (J,f'l\) )·~('.j[/,f.\f.,-'jc·,J2o0*( iol-l.VSTH)) 
GO T Q S 

._ (....; Tr~=((,,__t:ll:_;-:.;-oJL~:..r+.:.,! '*' ~:J·A-~.,.JL~.~i~U*~....L,.S:->ril )~u· .. ).Q/i~ 
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V=TENLE*V~AX*R**FK/(l*ALG~ IC~Pk/I(~*K**f~))-Vn/t.O*lloO-C0~Jnl 
5 VY = V ~-6 C • C I K * I DLA T * ( lvS~L- *lll::O.:;: ':1 -~I f'<AL->< S I i'i.:: ::.> ) i vl.vhu ""l v;:t-n l * 
llSlN6L*C0S25+COSAL*SlN2~1l 

VX=V•6CoC/R*IDLONG*(OSPMI*I(05AL*COS25-SINAL*SIN2~1-ULAT* 

11CJSAL*SI~2~+SINAL*CGS2~11 

WWX=V*VX 
fi>fiYe=V•VY 
wRITE OUTPUT TAPt:. 2•90t•'n~X•W,..YtXII I ,v,vy,vx 
WRITE OUTPUT TAPE 6t9l•~~x,w~Y.XIlltV•VY,vX 

9v FOf{MAT 16Fl0.3 l 
91 FORii,AT 16Fl0.2) 

1111 CONTINUE 
GO TO 10000 

llU CALL EXIT 
END 
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APPENDIX D 

COMPUTER PROGRAM FOR SURGE ROUTING IN A CHANNEL 

by 

Mariann Moore 



703A 
CHANNEL (Downstream Conditions) 

yes 

CALL XPROP 
(Develops H, Q, BSMAT, AO, and X Matrices) 

2)----....... 

MMAX - 2, T = 0, N = 1 

Index of H and Q Points 
when two successive Hs and Qs are 
with £H and eQ respectively 
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Set upstream conditions if LASTX = MMAX 
H(MMAX) = H(MMAX _ I)+ H(MMAX - l) - H(MMAX - 2) 

H(MMAX + 1) 

Q(MMAX- 1) 

Q(MMAX) 0 Q(MMAX + l) = - Q(MMAX - 1) 

If it is time to print output results for time 

t k results will be printed. 

LAST X 

are within di and c:0 

LASTX ar" checked. 

' (!:.) 
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PROGRAM CHANNEL 
C OOwNSTREAM VEKSIU~ (70~Al 
C CriANNEL SURGE IN THE Ml5SI~SlPPI RlV~k ~uLF UUTL~T-~N~~o-70~ 
C STCkAGE Of L AND K MATRICES L1,M-1 L1,M Ll•M+1 .~T~ 
C L2,M-1 L2,M L2,M+1 ,tTC 
C L3,M-1 L3,1v1 L3,M+1 ,tTC 
C L4,M-1 L4,11'1 L4,M+l ,ETC 
C IF CHANGE IN TWO SETS Of H AND Q LESS TnA~ EPS, VALu~S Of L~ AND 
C KS ARE ASSUMED E~UAL AT THE TWO POINTS 
l NT~6L~=~O v~ ENTRI~S I~ Th~ TAbL~S c,~z~HV•A~u Tn~ 1~1TI~L VHLU~ 
C AATRICES HH(X) ~NU ~~(X) -- T=O 
C A(H,Xl DE~INED AS t:lSIXI oH 
C NHO=NO UF ENTRIES IN TH~ INITIAL VALU~ MATRIX nWITJ--X=O 
C MMAX = NUMBER OF GIV~N X STATIONS 

D!f-1,ENSION nH(100Jo(.jl.I(10Ul 
D I ''1 t.NS I ON XX ( 1 U IJ·) , AZ ~ RU ( 1 Ou I , o ( 10 0 l , T T I 1 Oli l , C ~ ( b 0 0 I • ~o ( ouO I • 

1 HO ( 10 0 I , H ( 6 00) 'U ( 6 00 l , t LMA T ( 4 • 6U 0 I , LAY 1•1A T ( 4 , b 0() l 'X ( ou 0 I 'i-li'IH T ( o00 I • 
2 oSMATI600l 

COMMON AQ,AZERO,o,C~,XX•FMMRSH, fCHHNN,!C~, 
1HQ,TT,x,H,Q,ELMAT,CAY~AT,AMAT•bSMAT,ALPHA•ACUN•b 

1 READ (5,80001 NDA,NMO,NYH 
IF INDAJ 99,99,2 

2 READ (5,80001 NTA6LE,NHv,MMAX,NPRTX, IDEobP,!OtbMP 
Rt.AD (5,80011 G,ALPnA,ACON•DT•DX,XMAX,TMAX•UTPKT,~PSh,tPS~,fMARSH 

1,FCHANN ,CASEK•C2ZtRU 
d~U1 FJRMAT17F10.0l 
auou FJF<ct.AT !71101 

READ (5,80011 IXX!ll•l=1,N1AbLEl 
READ (5,800ll( Ellld=1,NTA6LEI 
.'IR! T E ( 6, 2000 I N~·10• NDA • I~YR ,ALPHA, FCHAI"~, f,•,ARSH' UT, l.JX' TI-'\AX •XMAX, 
1DTPRT,~PSH,EPSQ,G 

z~u~ FORMAT (1rl1•27X• ~1rl CH~NNEL SUR~t I~ THE M1SSIS~iPPl K!V~k ~UL 
1F GUTLET,~X,I2•lH/•I~,ln/,!2•//• 1JH IN~RTlA ~U~F.,oX,oHF~n~NN• 

211X,27hF~1ARSH T li•U~ti'·,~NT 4XdlnX lr-;U<~I''~'~T.oX,l.::nTil'l~ 

31~AX I ,'~U/Y., 6X, 'iHX 1"1/l.X I M.n·,-,; d X, 7t l 7 • c;1 I dHO, 2:;~;·,f.'K 1 NT!~~~ ~~~~K~'''~i~ T !1~ T 
4=,E14.4,5X,25HQUITTING TULLkANCc IN H =,~l4.4,:;~X,~JhVUITT1N~ Tul~K 
5ANCE IN Q =•E14.4•/•~lX,4H G =•E1~.8,//l 

2UU1 FORMAT (37X•2~20.81 

·:: R I TE ( 6 , io C 2 ) 
2~02 FORMAT !1H1,48X,1HX,12X,16rl~URFACE WIDTH oS,;l 

~·IRITE (6,20011 lXX(!), l:J(!), l=l•NTAt:lL~l 

kEAD (~,b0011 ITTIIl•l=l•NrlGl 
KEAD (~,80011 (HO!Il•l=l,NHOl 
1/RITE. (6,20071 

2UJ7 FOR~AT !1H1•47X,24HIN!T1AL CUNOlT!ON AT X=0•/•4~X,2H T,l7X,~nn0(T) 
1,;) 
~RITE (6,2008) ITT(! ),HUll l ,!=1•NHOl 

2JJb FOR~AT 137X,2E20.b) 
R~AD (5,bli0ll (Hri( I l d=l•NTi-loLt.l 
kEAJ (:;~,bC01l(~..i(ll.!=l•NTI"IoL~l 

DO 3" I= 1, :VIM AX 
rl!IJ=o.o 

3u Q(Jl=OoO 
( DEVELOP H!X), Q(Xl•b~!XJ,AND AO(X) MAT~!(~S ANU X!M) MATRIX 

CALL XPRCP !MMAX,NTA6Lt,OX,hH,QQ) 
,vJRITE !6,20U9l 

2~U9 FORMAT (1H1•3BX,24HIN!TIAL CONDITION AT T=0•/•1~X,zn X•1~X,lnn• 

1 19Xo1HQ,lbX,2HBS,loX,2HAO,/l 
ii k I 11:: ! b , i 0 11 l ( X ( I l • h ! I l , ~ I I l , b Sf"' AT ! I l , 1-1 (J < 1 l , I = l , I'"'' 1-1 X l 

2011 FuRMAT! 7X,~E20.8) 

,;RITE !6o2012l 
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2 ~ l 2 F ;J x :-'A T I l H 1 ) 
( l~ITIALIZE FOR FIRST cvu~DM~Y PUINT 

iSTART=l 
'.; i.,X = ;.;f.1AX -2 

T=v•C 
TP:'d T<!TPRT 
N=1 
dA=Hil) 
X=::l.v 
Fl~D L~ST Pui~T I~ n,Q LINt AT T=O 
I..IUIT=-1 
00 2 9 0 I = l , i•ltv,AX 
INDEX=! 
IF IAI::JSIHII+ll-H(l)J-EP!.>Hl d1,2lld00 

211 iF I ABSIQI l+l)-Q( I J l-EP;,l.il <:2Gt220dOO 
22w llU!T=I~UlT+l 

IF IICUITJ 290,290,300 
29v CONTINvE 

LASTX=i<,;1,AX 
GO TO 310 

.:l0w Lf-<.:; P> U,DEX 
l. i~:..TJ:<N L"'uP FGk i·;t:w T!1<) 

3 l ..; l ,,.J I T =- 1 
T T +<; T 
IF IT-T AXl ~2C,J20o 31~ 

3 : ~ .v ,, I f C. I b , . 0.5 C· l T , T ;.1 •\ X , t) T 
~·J3v FJ<.',;'\f!l:1~t,:'+i":;<>·>'<(_i.St f[i,l!::rit:.O·i:·•**T =tc.J~.o.::>XtorlT•''"'X =n:l:>•l:l 

~'~~,~~~T =,~}s.~,;,lHlJ 

u0 TC l 
.) £.: ..; 11 v '- v::: n \ l ) 

~ v i. ;; :: (. ( 1 l 
• ~-L ""12_ R 

r~~-= 1 
I i~DE X 1 
N =r, + 1 

LALL ~PC onvLO•vuL0o~vLUt:ktTtlST~kTtNh0tlUt:ooPl 

i ,,·,:: •• HI ll 
IF lr1~;E's-l8C.O.O J 5..:i,32.2,5.21 

321 ,..,JTE (o,203ll INJt.x.r 
'v.31 r· -:~'.>,T1?4H '***UH~Li<:*'~**HO(TJ cLUV.S UP /d t-i=d4t6H 

c,o r c 1 
.,22 c.;:;t:·,.=Q( 1) 

nllJooHCJLD 
C.illJ=:)OLD 
l!ST=O 
IF !TPHINT TJ 330t330t340 

33v LIST:l 
TPR!Nf=TPR!NT+DTPRT 

340 LA5TX LASTX+4 
IF ILASTX-~MAXJ36C,350t350 

:;'''-' LA TX=MMAX 
3o0 CALL EL~ILA~TX•0Xt0Tt~~Ax,L~ScK•C2Z~HOl 

L·-t=L.4::,TX-4 
!Pr\PiT 0 
lltll=h:,E\v 
Q { l ] ~f\! ~ 'IJ 

362 DG '6~ ~=2tLA~TX 
H ( ) = ,_, I :'1 ) + ( : ' .. ~-1./c, T I 1 , ,•1 J LMATI4oMJ +2.0*1 ~LMATI2t~) 

l •~LMATI3tKl 11/6•0 
l··il=<;(~i) •IC,Y:·1!-ITI1,1·1J 
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1 +CAYMAT(3,MJ ll/6•0 
365 CONTINUE 

QllJ:Q(2J+O.S*I0(2J-Q(4)J 
IF ILASTX-MMAXJ 371o370o370 

37'J Mf~:MMAX-1 
MP=MMAX+l 
HIMMAXJ=HIMMI+O•S*(HIMMJ-HIMM-211 
H!MP J =HI ~.M I 
QIMMI=O·S*~IMM-11 
QIMMAXI=O•O 
Q I 1\1P I =-Q I ;v11\1 I 

371 DO 500 M=1oLASTX 
lNDEX=M 
IF IHIMI-1000·01 ~74t374t321 

374 lPR!NT=IPRlNT+l 
IF ILlSTl 400o400o37~ 

375 IF I lPRINT-NPRTXl 400o380db0 
38u IF IM-11 381,381,382 
381 WRITE 16t20101 T,DT 

ZUlU FORMAT! //o4H T =•flO.l•~Xt4HDT =,FlO.lo//6Xo2rl Mo6Xo4HXIMlo9Xt 
14 H H I 1'<1 l , 1 3 X , 4 H Q I ,\1 l , 1 0 X , 1 2 H A I H I 1-1 J • X I fv', I l • 4 X t 13 n C 2 I H .1 ivl J ~ X I ivl l l t 1 0 X t 
21HI:..ol3Xo1HKo/) 

3 8 2 W R 1 TE I 6, 2 0 2 0 l l>i, X I M I , HI l•i l , Q I t-11 J , M-1 AT I 1<1 I , C 2 I M l 
2u2U FORMATII9oflOo1o2El7.7otl6.6oEl7o6) 

IPR!NT=C 
IF llDEt3V.Pl 400,400.390 

39U WRITE 16 1 20251 IELMATIKtM),CAYMATIK,MloK=l•4l 
2v25 FORMATI91X,ZE14o5J 

4._v CONTINUE 
IF <M-11 ;,oc,soo.396 

396 IF IM-L4J~Q0,39~,:;9~ 
395 !F IAdSIHIMJ-Hli<l-lJJ-c.PSril 410o41Q,500 
41U IF IA&SIQIMJ-QIM-lJJ-c.PS~l 420,420,500 
42v 1QuiT=IQUIT+1 

IF !IQU!Tl 500o500,430 
430 DO 450 l=lNDEXoLASTX 

Hlll=HILASTXJ 
4:)U Q(!J=QILASTXJ .I 

LASTX=INDEX 
GO TO 310 

Svv CONTINUE 
·GO TO 310 

99 CALL EXIT 
END 
SUBROUTINI:.. oPINoHOL0oOuL~.~OLDER,T,lSTARToNHOolDE~BPl 

C OO~NSTRtAM V~RS!O~ 170jAJ 
L) I 1-1 t:. N S I v N X X I 1 0 0 J , AZ t. R U ( 1 0 U ) , 6 I 1 0 J J , T T I 1 0 0 l , C 2 I 6 0 0 J • A 0 I o V 0 ) • 

1 H 0 I l U 0 l , H I 6 C 0 l 'i.H 6 00 l , t. L.•'IA T I 4 • 6 v G J , CAY iv1A T I 4, 6 00 l t X I 6 Cl 0 l • A••• AT I 600) • 
2 bSMAT(600J 

COMMON ACoAL~ROocoC2tXXofMARSMt ~CHAN~tlL2o 
1HQ,TToXoHoboELMAToC~YMAToAM~TobSMAToALPHAoACGNoG 

L aP FINDS THt:. FIRST ~Ll~T AT X=0•~=1• h=HOITINll 
C cP SETS UP THE N~XT ISTAHT, AOLUo AND cSOLD 
C lSTAr<T=STMniNG PLALc. If'. Tr~DL<.. ''O(Tl 

DO 100 l ISTARTol~hO 

lNLiEX=l 
IF IT-TT(lll l30.110ol0v 

1vv C·JNT!NUE 
llv Hll) HOIJNDEXI 

lSJ.\iH INDEX 
C,Q TO 150 
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l _; v I fl, = I N D l: X -1 
Ml 1 J riO! 11-'>)+!riOI ;r,.AXI-t•CI li':l !*I T-TTt l.•il II ITT I lr,._,t:.xl-TTt lt•lll 

I::OD!H IM 
15v rlH=f1(1) 

=i:cS'1 /'.T(l) 
A~ATI1l=eS*HH ~M(0N 

L:>r~ " ( 1 l -HOLD 
C.LHAT!ltll"'DH 
IF u,-lJ 16Ctl60.170 

1 b '-' L A i ~.;A T ( 1 , l l = 0 • 0 
GO TO 175 

~7, CAY~AT!1t1l=~OLD-~OLDl:R 

175 DO ZvO l c::Z,4 
CAY f'/: AT ! I , 1 l =CA. Y i"i A. T ! 1 , 1 l 

,:_,.., t.L:•'•AT! I >!J=DH 
99 Rt: TUR~i 

l:ND 
.:o,;DKvvT I Nt t: LK (LA::, T X • OX' J T • H'I:AX • CAS<:.K, <_;!l<:.r<(.) l 

L DuhNSTRt:AM VERSION t70jA) 
l .•.:: N S I 0 N X X ( 1 (; j l • A Z.l: P. U t l (; C l , i.J ! l 0 0 J , T T t 1 0 0 l , C t:. I 6 0 0 ) • A 0 I b U 0 l ' 

lt> J I 1 00) , >c ( 6 0 0 ) • () ( 6 (J U l ':C L:•1A T { 4 '6 U ,j ) , CAY .•:A T ( '" , 6 0 v ) 'X I b ::J 0 ) 'A;•,A T ( 6 0 0) ' 
! :'AT!6CC! 
CJ•;;:C."i AOoAZ~ ,[),C2oXX,FH;;f; , FCHAN~;,JCZ, 

l:~J, r T, X, t1•-..., L.;,-~,,., T, c;. Y /1i-. T, ~~1¥1,~ I, U.':Ji~lA T, hLPnA t AC.i..:i'~' (.J 

t:L~. :n:.Vt:Lvr';; L TnK·v'vU11 '< M:\U K1 THi<CJ·~n '+ AT f-'uli,T::;, X(t•1=2) 
T:·"'-''JGH X!h=Lt.:,fXl i-vR "'•'- vALUt: wF T!:d 

<,,:=2.C*DX 
J =· ·- 0 t( 1 • 4 

J.';f.:.~l=1 

c.!,; !:; - C :~ = 2 , LAS l X 
If I -LASTX) 0.~~,50 

5. I~ IK-1190o90,6Q 
:;,•,; LA.:>T LA.STX+1 

K:·1= K -1 
IF !L~STX-MMAXI av,s~,H' 

8. t:: L ,-' ,q { K fl. , L 1\.S T l = t L ,,; A T I r:. i/1, L"' S T X J 
CAY~ATI•~•LASTI=CAYMAT(~~,LASTXJ 

G:J TO 9C 
8~ L~Y~ATI~~.LA~TJ=-CAYMATl~~.LA IX 1) 

c Ll:A T ( 1(,.-, Lf,.S T J t:Li•1A f ( i<-1';, LAST .C) 

'1V VJ TO ( lOvod, ,.,:(;._,,,l)(,!) ,,:. 

iv-.~ '"'IJL=O.u 
;, ,.) t..i K = 0 • U 

C.rl=O•O 
:~LfuDQ=O • 0 
GO TO 4CO 

2Jc. A~~K Oo5 * CAYMAT!K-l,M) 
HuuL o.~ • tL~AT<K-l.Ml 
h:.JL)ul1 (J.S,-A--( t.. f{K-ltl'!+l}- c.L:'"'':t-\T(r...-l,,,...~-1)) 

"'·'-'·"' .... c.~ {(.;:.y,,·li,T !r<.-l,,·.+lJ -.C:;\y: ...... rt,-1, ... :-ll J 
:~J TO 400 

3J~ kiJJ~=CAYMATij,~J 

,~JDL = ELV.AT ( 3 ,;.1) 
H.)[J)r•= cLii4TI3•f~+1l- L/,AT(:;,;"'-11 
;, 0 u !)(, '- ,\)' ;.' .. 4 T ( , :·1;- 1 ) - (A r Y .. A T[ ;, 1 I 

,, u v X :; ~~" 'A ( i-1 l 
1 ~ 1\ ;~ 0 ::: ,~; { f\1 ) +Au U L 

• -J • =- ~) S i~~ .4 T ( l"l } 
,_· ,- *r1~:..~G +.<;CGN 

l F I •' !.:, R (, I 4 ,. l • '• 0 2 • 4 0 ~ 
q v 1 c '- l :.·. ) ~ c < z 
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GO TO 403 
402 ~TA I llcSMATIMl-CA~tKJ*IfMARSrl**l•5l+(AS~K*!FCnANN**1•jl)/tSMATIMl 

11**C.66666667 
C 2 L'i l I I 1 • 4 b 6/ t. T A l * * Z ) * I I A 0 I H I + n p, R G l * * 0 d ::S 3 3 3 3 ::S l 

uv3 IF ~~-11 410,410.420 
41 v A'•1A T I i~ ) A 
420 DHDX=IHIM+lJ-HIM-lJ+ADDDHJ/DX2 

D~~X=IQI~+1J-Q(M-1J+ADJU~l/DX2 
QATM=G I r1,1 +ADi)K 

440 ~LMATIK•~l=-DT*DQ~X/bS 
45v APLUSH=AOI~I+HIMI+AODL 

FtiJCT:loO/CZ!MI 
CAYMATI~,hl=DT*I-G•A*Dn0X-~ATN•IG*A~SI~AT~l*FR1CT/APLUSH+ 

1 ALPHA*OODXl/Al 
5 00 CON Tl NUE 

99 RETURN 
END 
~U~ROUTINt XPROP IMMAX,~TAaLE•DX,HH,QQl 

C U0WNSTKEAM VERSION 170~Al 
Ui.'-1C:NSI0N hh( 100ltGi"'lluUI 
DIMENSION XXI10vi•AZERullOOJ,bl100l•TTilOOitC~I600l•AOI6v0lt 

1HOtl00)•HI6GOl•OI600l•ELMATI4•600J,CAYMATI4,60v)tXID00l•AMATI600lt 
2 oSMATl60Cl 
CD~MON AO,AZERQ,8,(2,XX,FMARSn, FCHANN,ICZ, 
lrlO,TT•X•H•~•ELM~T,CAY~AT,AM~T•dSMATtALPrlAtACUNtu 

C XPROP DEVEL0PS THE MMAX VALUES OF THE VECTORS AOtbSMAT•H•~IXl ANDX 
l u!V~N THE ~TAclt VHLUtS vF The V~CT0R~ ~LcRU,~•Hht~~tA~O XX 

Xlll=O.O 
ISTART=l 
DO :;oo K=ltMMAX 
DO 3v0 I l;)TART,NTABLE 
INDEX=! 
IF IXIKJ-XXI Ill 35Ct25Q,300 

3Vv CO'~ f 1 NuE 
25v oS,·'ATIKl=bllNDcXl 

H('-.J=HH(!f\;Df:X) 
QIKJ=QG/1 INDEX) 
!START= INDEX 
GO TO 4CO 

3 5 '-' I ~1 1 N DE X- 1 
.FACT0R=IXI'l-XXIIMJJ/{XXIINDEXJ-XXIIM)J 

;;;) S ,'.,AT I K I = b I I M J + I 6 I II\ C i::. X J ·- o I 1 M l J *FACT OR 
H(KJ=HHIIMJ+(HH(lN~cX)-nn(!~Jl*~"CTOR 
'->1'-l=ULil l''·l+ll.;<J( lf~vt.X)-c.t,( 11'<1 J·:>Ft.<CTOR 
ISTiliH=H1 

4Jv FACTOR=K 
KP=K+l 
A0IKJ=ACON/~SMATIKI 

50v XIKP l=FACTOR*DX 
'J'i RtTuRN 

LND 
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APPENDIX E 

DERlVATION OF THE PLANFORM FACTOR 



In a converging channel such as Study Area A, there will be a change in 

tide from one end to the other, depending on the degree of convergence. 

Although Study Area A is an open-end channel, it will be convenient to 

consider the problem as a closed channel, and then make the necessary 

allowances. 

Langhaar (1951) discussed the problem of a closed channel and defined 

a planform factor N which could be applied to a channel of constant 

width and depth in order to arrive at the wind setup for a channel of 

variable width and depth. The wind setup was given by 

2 
S _ NkU L 

- 2 g D (E-1) 

where 

S is the setup 

L is the length of the channel 

D is the depth. 

The planform factor N is equal to unity for a channel of constant width 

and depth. 2S is the total difference in elevation between the downwind 

and the upwind end of the channel as shown in Fig. E-1. 

Langhaar considered a number of special geometrically shaped closed 

channels, including those having converging sides and sloping bottoms. 

However, for the marshland of Study Area A, the depth is constant, and 

it appears that the sides can be represented by the simply mathematical 

expression 

B == B e-ZaX 
0 
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where B is the width of the channel at distance X measured from 

B , the width at the beginning of the channel. 
0 

The integration of the above equation results in 

s = k u2 x + const = 
gD 

(E-3) 

where L is the length of the channel. The constant of integration can 

be determined from 

~L BSdX = A D s 

where A is the area of the surface (A D = volume of water). 
s s 

If we let a = a/L in Eq. E-2, by use of Eq. E-4 one obtains, after 

minor algebra, 

whence 

s = 
k u2 

L 
2 g D 

N = 2 [1 - (e2a- 1) - 2a] 
2a (e2a - 1) 

2a] 
1) 

(E-4) 

(E-5) 

(E-6) 

For a = 0, the planform is rectangular BL/ B
0 

= 1. 0 and N = 1. 0. 

The above development is one for a channel closed at both ends. If we 

consider a channel open at the entrance to the marshland, then an approx­

imation (linear relationship) can be given by shifting the surface profile . 
so that the original (- S) coincides with the mean water level, thus, the 

setup at the upper end of the marshland will be twice that given for the 

open channel. This is illustrated in Fig. E-2. 
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Another way to look at the problem (Fig. E-2) is to take L = L/2 since 

the nodal point is shifted from the middle of the closed channel (Fig. E-1) 

to the entrance of the open channel (Fig. E-2). In either case, dS/dX 

is assumed to be the same for both the closed and the open channel for 

the same wind speed. 

Thus, for an open rectangular channel of constant width and depth, the 

setup will be twice that given by Eq. E-5 whence 

s = 
k u2 L 
gD [

l _ ( e
2

a - 1) - 2a] 
2a ( e2a - 1) 

and the planform factor is still the same as given by Eq. E-6. 

(E-7) 

A partial planform factor N (X/L) can be found by solving the integral 

of Eq. E-4 between 0 and X, in which case a of Eq. E-6 is replaced 

with a (X/L). 

The planform factor N can be solved for by assuming a and calculating 
2a 

b
0

/LL from Eq. E-2 for X/L = 1. 0, whence B
0

/BL = e or 

a = 1/2 -tn B
0
/BL. Figure E-3 shows relationships for N as a 

function of B
0

/ BL. 

For the marshlands of Study Area A, it appears that B
0 

and BL are 

approximately 11 miles and l. 1 miles wide, respectively. At least using 

these values there seems to be reasonable agreement of the real boundaries 

with the theoretical boundaries given by Eq. E-2. From Fig. E-3 it is 

seen that there can be a large change in B
0 

for large B
0

/BL values 

without having much effect on the planform factor. 

For the special case of B
0

/BL = 0. 1, the partial planform factor 

N (X/L) is shown in Fig. E-4. From this, it is seen that the maximum 

value of the planform factor, the upper reach of the marsh, is about 1. 36; 

a considerable tolerance is permitted for the exact value of V since N 
0 

does not change much for B /B between about 0. 9 and 1. 2, for example. 
0 
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