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1. 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, attempts 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. 1.

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 and slowly rising surges were evaluated numerically for four

cases:

I Existing levees with no Gulf Outlet Channel
11 Existing levees with the Gulf Outlet Channel
111 Proposed levees with the Gulf Outlet Channel
v 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 éffects, 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




TABLE 1

Peak Surge Predictions for turricane Betsy for Four Cases

Station
A B C D E F
Hurricane
and Case
Betsy I 10.2 9,2 9.4 10.5 9.3 9.1

I 10.2 9.6 10.0 10.9 9.7 9.5
111 10.2 9.6 9.8 10.9

v 10.2 9.6 9.8 10.9

inherent in the predictions for Hurricane Betsy is satisfactory fromthe
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 more in the manner of
Hurricane Betsy producing a slow rising surge. The predicted surge

peaks are summarized in Table II.

It is seen that the effect of the Mississippi River-Gulf Outlet is almost
negligible for all large hurricanes accompanied by slow rising storm
surges. It may be expected thnt once in a while a storm may occur
which has a somewhat freakish. more rapidly rising surge in which
case the Gulf Outlet Channel niay have a very marked effect. However,
such a storm will not produce 'ides which are as high as the more

critical hurricane tracks such as Betsy or the synthetic hurricanes.



TABLE II

Summary of Synthetic Hurricane Surge Peaks for

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

Station A B C D E F
Hurricane | Hurricane | Case
Track

Sigma SPH I .1)9.7]1 9.9110.4 .5 .5
11 .1]10.1(10.3/10.8 .9 .9

III 1/10.1]10,3]10.8

IV .1110.1]10.3]10.8
PMH I 10.4)11.3|11.6(12.2(11.1]11.1
II 10.8|11.7({12.0(12,.6111.5{11.5

I1I 10.81]11.7]12.0|12.6

v 10.8)111.7712.0(12.6

Chi SPH I 9.5(10.0(10.310.8
II 9.9 110.4110.7(11.2|10.2]10.

111 9.9 (10.4|10.7]11.2

v 9.9 (10.4])10.7 |11,2
PMH I 11.3|11.7 (11,9 |12.7|11.5(11.5
II 11.7]12.1]12.3|13.1(11.9(11.9

111 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. 9.
11 10.9 110.3110.5}11.0}10.11)10.2

111 10.9 (10.3(10.5|11.0

1V 10.9 |10.3|10.5|11.0
I 12.5|11.312.0(12.4 (11,3 |11.4
II 12.9 |11.7(12.4(12.8|11.7 |11.8

111 12.9 |11.7 |12.4(12.8

v 12.9 |11.7 [12.4(12.8




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 T T an
¥ - _+ . op 35 4 8y _ by w p °
dt R A p teb 5y (1)
&y
3
?3 — [}
° 8 0 8 ) < g:) g
bt < QO Qg @ o w “E o H 5
4 Ry o ¢ 5o o e o g
o 5 9 M o H < o 2
) n 0 20 M 0 Mo S m
dQ T T, an
X 3S SX bx o
—= - - - - — - W P 4+ gD — 2
dt ny gD y t o] p g dx ( )

The above two equations together with the continuity equation

35 BQX L[]
2t * dx * oy = P (3)

yield a system in which the two discharge components Qx’ Qy, and the

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.



w

the surge height, feet

discharge in the direction of the x-axis, ft3/sec

per foot of width

discharge in the direction of the y-axis, ft3/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 ¢, Coriolis parameter

w=7.28x 107> rad/sec, angular velocity of earth
latitude in degrees

acceleration of gravity, 32.2 ft/sec2

water depth, feet

wind stress parallel to coast per unit volume,
(ft/sec)2

bottom stress parallel to coast per unit volume,
2
(ft/sec)

wind stress perpendicular to coast, per unit

volume, (ft/sec)&

bottom stress perpendicular to coast, per unit

volume, (ft/sec)‘2
density of water, slu.gs/ft3

wind speed component perpendicular to coast,

ft/sec

wind speed component parallel to coast, ft/sec



—r

N3

inverted barometer effect, feet of water

3
n

n

precipitation rate, ft/sec

For a slow moving storm, the equilibrium wind equation can be deduced

from Eq. 1. The assumption of slow motion (no time-dependent variables)

and one-dimensional motion (no y-dependent variables) reduces Egs. 1,

2, and 3 to,
Surface slope = wind stress + inverse barometric effect.
T on
3S sX o
—_— — 4
gh dx p * gD dx (4)
with
r
SX - sz cos @

this equation reduces to the classical Corps of Engineers formula,

1 2
n = Z g—DkW cosg Ax + n, (5)

Where n is the normal astronomical tide plus the inverse barometric

effect.

A significant improvement on this method was originally proposed by
Freeman, Baer and Jung (1957) and called the bathstrophic storm tide.
The assumption 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.



The x-component in Eq. 1 is assumed to be a steady state condition such .

that,

dQ

X _ -
G -0 and Q =0 (6)

The precipitation P will be neglected because it is very small for most
hurricanes when compared with such terms as Tsx/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,

8 22 (7)

T - T dy
iQ —gD%S{--I-—SLE—bl+gDB_XO':0 (8) -
T -7
b d )
=¥ -2 (9)

) dt

(The subscript v on Q can be dropped since by condition (Eq. 6),
Q =Q and Q =0.)
y x

The values of Ty’ T s T T

bx’ 'sy’ 'by
a wind blowing at an angle § with the x-axis, the surface stress compo-

and M, have to be determined. For

nents are given by Eqs. 10 and 11.

SX = kwlcos (10)
D
,
2y - kW sin @ (11)

where k ~ 3 x 10—6 following Saville (1952),

10




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 Egs. 12 and 13.

T KQQ
bx - X (12)
p D7/3

T KQQ
by _ X (13)
[ D7./3

Following the assumption of Eq. 6, it is seen that ‘rbx/p is negligible
when based on uniform flow conditions. Reid (1964) has demonstrated

that K is related to Manning's n by
K ~ 15n2 (14)

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

flow with the bed.

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

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 Thx’ 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 ‘rsx/p by

increasing k from 3 x 10_6 to 3.3 x 10-6 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

Qe . KQQ :

Bt - KW sing - INDE (15)
on

38 _ 1 2 o

= 55) kW cos @9 + fQ] + =x (16)

For varying wind fields, W and 8 are functions of x and t and,
Egs. 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
P can be treated as constants and the equations can be integrated

analytically.

12



In most practical cases of hurricanes, the assumption 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 Qm n is a function of x and t at the

point t = nAt, x, mAx, then Eq. 15 reduces to

Q - Q —_— kQ

m,n m, n-1 - szsinet _

At

mJ]r;7|/Q3m,n-ll (17)

where kW2 sinet denotes average value of sz sin@ over the interval

(n-1) At to nAt. The solution of Eq. 17 for Qm o’ in terms of the

H

. previous value is given b
p ,Qm, n-1’ g y

2 2 .
(kw sinG) + @W sin 9> :I
m, n-1 m,n
i —2 > At + Qm

K ,
1 + —=5 At - Q
E

n-1

Q

m,n

(18)

m, n-1

Equation 16 will be used in the form

An :
° (19)

m,n m-Lin _ L kWZCOSGX + fQ :l +
, m,n

Bx gD Ax

13



2 .
where kW2 cos@” denotes average value of kW cos§ over the interval

(m -1) Ax to mAx. Equation 19, solved for S , interms of

S , becomes
m-1,n
k 2 2
- —_ W
Sm,n Sm—l,n + 2¢D [@ COSG)m-l,n +< COSG)m,n]
Q
— 2
+ oD Ax + n, (20)

Now, ‘no is the normal increase in water level due to effects other than
the wind stress. These include inverse barometric effect and normal

astronomical tide. Hence,

n = A + 1.14 AP (21)
ge) m,n m, n
where .
A _ . . .
m,n = the astronomical tide
Apyn n - the barometric pressure below normal, in inches of

mercury

A computer program, written to compute Ny S and Qm

m, n , 1
according to Egs. 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 AP
m, n

14
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< ey

c)

d)

the determination of A ) (W2 cos @) (W2 sin g)
m,n m,n m

initial values of S
0,0

and Q
0,0

These points are discussed below.

a)

b)

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

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

is given by,

D = Dx + Am,n + 1.14 Apm,n + Sm-l,n (22)

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

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

The value of APm n is determined from the equation,
?

AP = [PN - Po(n):l[l - exp (- %):l (23)

where,

PN = the normal pressure, inches of mercury
Po(n) = the CPI of the hurricane, a function of time
time 7 At, in inches of mercury

R = the radius to maximum winds

15



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 Am’ are actually treated as values of Arn
(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 maximum hurricanes the value of Ar1 is taken as

a constant of 2.0 feet, the high tide computed for the

Louisiana coast based on Pensacola, Florida.

The values of WZ cos 6 and WZ sing for Hurricane Betsy
are determined from the weather maps 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 o and Qo, o Were not used in this
study. All storm surge computations were commenced when
the hurricane was far enough offshore that the initial setup

S o and longshore discharge Qo, o could be assumed to

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 storm surge computation.

16




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 = tl’ tZ’ t3
---ty--- during a hurricane. At another nearby station X, there exists
an observed hydrograph which has water levels Xl’ XZ’ ---X7, 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 ocbserved values at X.
The prediction equation,

X=a1A+a B+a3C+aD+... (24)

2 4

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

for o 1’ 0l a3 ... to give the best prediction for X,

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

‘dicted water levels for X are,

] T oA oy Byt e G
X2 = ry,l A.2 + ozz B2 + 0/3 C2
X3 = 0 A3+ oy By + oy Gy ,
= ? (25)
x7 = o A7 + o, B7 + 0y C7 J

17




+ e, +
+@ A v, B C2
7‘”17‘27‘0‘37>

= S

It is required for the best prediction that,

3S _ B3S _ 38 _ 0
BNI 5:\/2 6043

These three conditions are met if the following

equations are satisfied,

o) Byt o8B, t oag By

o B, T 0By T B - Y,

o) Byz + 0y By T oag B

where
! 2 2
BH:ZA1+A2+A3+
1
7
R —ZB + B +B2+
22 1 2 3
1
7
2 2
TR NERRE RS

18

three simultaneous

(26)
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/312=ZA1B1+A2B2+A3B3+...A7B7
BI3=Z AL G+ A C, + A; C3 + ... A, C;
1

=ZB1 G, + B, CD + By C3 + ... By C,

The simultaneous solution of Eq. 25 for (yl, o, and o will yield the
"best' predicter 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 Tg + Tb 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 .

_das _Ts Ty
x dX = pg(D+5)

N(X) (27)

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

r
be the same for water overSthe 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
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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 AR2/3 (28)
1/2 n
S
where
n = Manning's friction factor
= 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

5/3
_1.486 A
K = - —P2/3 (30)

21



The forced conveyance can be defined as the product of Eqs. 27 and 30

whence

5/3
273 (31)

Te T T
F =S K = S b 1.486 A

x pg(D + S) n

The forced conveyance factor representing the ratio between that of the

Mississippi River-Gulf Outlet and the marsh is defined as

y = == (32)

where Fc is F for the channel and Fm is F for the marsh.

From Eqgs. 27, 30 and 32

5/3 2/3 ,
AC> Pm> (D+S)_ n_ C’S + Tb)c N _(X)

Y T \a
A_ P_ (D +5)_ ng Q'S +Tb)m N_(X)

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:
dav oH g
dt "8 T T2 v vl (34)
Ch R

22
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Figure 3

Notation used for basic long wave equations
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Continuity:

ot ox
where

= 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 Q (= AV) and wave height H. These become

Momentum:

d(Q/A) _ gaH g Q|Q| (36)

dt ox CZ AZ R
h
Continuity:
dH , 30
B 3t + ol 0 (37)

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
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Equation 36, after expansion of d(Q/a and some approximations (for
dt pp

example, Dronkers, 1964, is reduced to,

2Q Q0 . ___ 8 - -
T Tax Q| | ea(, - 1p (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,

3 _ H oH +
dH R 4
St © Ca(Hx) 5o (20)

In Eqgs. 39 and 40 Cn(H’ x) denotes coefficients which are functions of
H, the wave amplitude at x and the position x. The coefficients C1

through C4 are given by

\

Cl = - g A(H,x)
C, = - 7o

2 A(H, x)
CH— g (41)

o A(H,x) R(H, x)

C = -—-t

4 - T B(H,x) J

25



the cross-sectional area of the channel

>

I

X
1l

the surface width

vy}
e
x

1l

d (x) = the starting depth, defined by A(O,x)/B(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 an,n_l_1 and Hm,n+1 are given by
= Q rLfcd o ak® o2k o+ Kkt (42)
m, n+l m, n 6 {m m m m
1(, 1 5 2 3 4
= _ » +
m, n+l Hm,n * 6 (l’m * ZUm ZLm * Lm) (43)
where the coefficients kl , kZ . k3 , k4 s Ll s LZ s L3 s 4’,3 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+ 1)At., For m =2 to m =M these are given by

I

H - H
1 m+l,n m-1,n
krn = At [Cl (Hm,n’ Xm) 2Ax
+ C (H , X ) |Q IQ ]
3 m, n m m,n m,n

{l At lc [u H Qm+1,n - Qm-l,n 45
m 4(m,n’ m) 2Ax (45)

Tt

26

[

[T UGPSR, Y



e —

v

Aati

T MAX

4

':(n{-nb’

: T
E m-l m mbl

V JAXW///

Figure 4

‘32‘31&;0%2//%/“* ,
S L

Iilustration of numerical integration scheme

27

PA-3-10291



m

1 1(,1 1
- At C H +_&£ X Hm+1,n- m-l,n+72-({’m+1 {' _1)
B I\" m,n 2 ' "m 2Ax
1
+ C,\H +—J(/m X kr; ®m+1,n " ®m-1in
2 m,n 2 ’ m m,n 2 ZAX
% kr1n+1 k1-1 41111 knl1 knll
¥ ZAX +C3 I—Im,n+T’ Xm m,n +-2_ Qm,n+ 2
(46)
B 1 1 (1 1
= Atl|C . \H +_{/ﬂ X Qm+1,n Qm-l,n 2 (km+1 - krn-l)
4\ ' m.n 2 " m 2AX
(47)
2 1{ 2
= At |]C_\H +L_m X Hm+l,n m-l,n+2(Lm+l,n Lm_l)
1 m,n 2 ' "m 2Ax
2 2
+ C +Lﬂ X Q +km Qm-f-l,n m-1,n
2\ m,n 2’ m,n 2 ZAx
1 2 2 2 2
z{fmn km'1)+ clu +im o« 4 Sm Q +—kri
ZAX 3 m,n 2 ’ m,n 2 m,n 2
(48)
2 1( 2 2
= At [c {H +{’ X Qm+1,n Qm-l,n 2 \m+l _km_l)
4 m, 2’ m, ZAX
(49)
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H + £ - 4
k = m+l,n m-1,n m+1 -1
Ot CI(H ’ + 4 ,Xm) ZAX
3 3 Qm+l n m-1,n
+ C, |H + 47, X Q + k 2 2
2 ’ m, n m 2Ax
3 3
k -k
m+1 m-1 3 3 3
+ 2 A% +C3(Hm,n+{,m,xm)|0 ,n+km|(Q ,n+k)
(50)
3 3
Q + k -k
4 = 3 M+1l,n m-1,n m-+1 -1
J(,m At C4(H ,n+{, ,X) 7 A%
(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 Ho(t)_

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 Q 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) > Q(4,n) (52)

where Q(2,n) and Q(4,n) were computed as in Section 2.4.2. In

order to compute Q(2,n), values of ki, k?, k?, kzlL were approximated
as
k} . kf - k? - k‘l* - Q(1, n-1) - Q(1, n-2) (53)

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

L
z
1

2H(M-1) - H(M-2) (54)
QM) = 0 (55)

It is recalled that the values of QM+1 and HN[+1 are required in the
fourth order Runge-Kutta schemeforthe 4s and ks at QM, HNI on
‘the next time step as are also the values of the 4s and ks at

X = (M+1) Ax. The equations used are summarized:

H(M+1) = H(M-1) (56)
Q(M+1) = -Q(M-1)

(57)
)(,l(M+l) = )(,l(M-l)
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L7 (M+1) = 4 (M-1)

) ) (58)
k' (M+1) = -k (M-1)

kZ(M+1) = - kZ(M-l) 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

2
T, = kpaw (60)

where kpa has been found to be approximately 3'x 10—6. This was

the value that was uszd. Dronkers (1964) reports observations of kp,
as high as 4.5 x 10\- in the shallow areas of the Zuider Zee, but this
large value for 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

where V 1is the current velocity.

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

1,486 _2 2 . 2
v - 1480 g2 gLz LB pl/6 (pg)l/ (62)
where
V = mean current speed in feet/second
R = hydraulic radius in feet

wnn
!

hydraulic slope in terms of feet/feet

1/6

Where Manning's n has the dimension of (ft)"'", the corresponding

Chezy-Kutter formula is

v = c(rs)l/? (63)

where the above notation has been defined and C 1is the Chezy-Kutter

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

c - Lds6 p1/e

(64)
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Returning now to Eq. 61 and from the theory for turbulent flow of
Karman-Prandtl it can be demonstrated that T is related to Manning's

n by the formula:

_ 3.86n Zo 1/6
Ty = _1/6 z0.214(D) (65)
D
or
n = 0.0555 (z0)1/6 (66)

where z is the characteristic roughness height.

In the form used in this study,

T
> - D11§/3 ve - les (;z (67)
so that it is seen that
p nz 2 s . I
K = —FE5 = 14.6n , (68)
(1.486) ‘

where K has the dimension of (feet)1/3.

For a characteristic roughness height on the bed of z = 0.01 feet,
n = 0.026 (feet)’®, and K =1 x 1072 (feet)!/3
study that along the Louisiana coast the best choice of K was about

-3
5x 10 " (
0.015(feet)

, it was found during this

feet)1/3 corresponding to a Manning's n offshore of about

1/6
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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 sum-
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)'’® 1eads to a choice for K . .. =9.3x 1072 (teet) /3,

2.5.4 Channel Surge Routing, Chezy Coefficient
The Chezy coefficient was used in the form of the Manning equation

_1.486 _1/6
C, = ———R (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 2/3

fe 7 P (70)

where PN are the individual perimeters of the component channels
and marsh areas. In application to the sum of a marsh area and the

Gulf Outlet Channel Eq. 82 has reduced to

3/2 2/3

3/2
n, - EB - 500)(0.08) _ + 500 (0.025) (71)

Basedonthe information in Table III, the n factorslisted 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 exertedupon the water causing the flow are
the determining factors.
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TABLE III

Summary of Information on Friction Coefficients for Flow Over Rough Bottom

w

15

Author or Source

Source

Figure or Other Information

Task Force on Friction
ASCE

ASCE Hyd. Div., Vol. 89,
No. 2, March 1963, pp. 97-143

Numerous formulas for open channel flow friction,
relation to soil, geometry, depth and sediment
transport

Highest resistance recorded by flume experiments
{Simons & Richardson) with 0. 28 mm sand was n =
0,027 (lower regimen)

L, Prandtl )

Bruno Eck )(Germany)

Stromungslehre, 1949
Technische Stromungslehre,
1960

No information of particular interest.

Bazin (France)

ASCE Hyd, Div,, Vol. 89,
No. 2

n =0,05 (t1/6 (h = 9 ft). Exceptionally rough channels.

Bretting (Denmark)

Hydraulik, 1960

n may be as high as 0.04-0.07 ft!/6

heavy growth.

for section with

ASCE Hyd. Div., Vol. 91,
No. 2

Information of importance for prediction of roughness
and slope for known material and discharge.

- Correspondence n=20,04-0.05 ft1/6 {k >3 ft)
Rouse Fluid Mechanics for Hydraulic n=0.025 - 0,040 ft”b for "earth with weeds."
Engineers, 1908
Simons Colorado State Univ. Col. Cer. | n = 0.03 ftl/6 for '"some weed effect.'’
No. 57, DBS 17
1/6

Ven Te Chow

Open-Channel Hydraulics
1959

n>0.1 ft for very heavy growth (p, 102}

e (p. 104)
n ~ 0.08 ft for depth > 4 ft with brush and waste.

Combined evaluation including soil, irregularity/ cross-
section1 obstruction and vegetation n = 0,06 £t1/5 ang
0.07 £t1/6 for meandering (p. 109).

n = 0,05 for pasture and high grass and mature

field crop
Parsons " Vegetative Control of Stream- | C = 23 log R_ Alog 3%6% - 98 (Fig. 21) with the
bank Erosion." Misc. Pub. kind of condifions described in photos of
970, U.S. Agric. Dept. n=20,05-0.07
Paper No. 20, 1965
Ree Agriculture Engineering for n ~ 0.03-0.3 (t”b
April 1949, pp. 184-187
Tickner Tech Memo # 95 (USCE), 1957 /6

Flume tests, U 35 ft/sec n ~ 0.05 ft]
max

Dutch Government

Special Report

n o~ 0.05t00.07 /6

(by courtesy of Per Bruun)
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TABLE IV

n Factors Suggested

Condition

Slow Inflow

Rapid Inflow

Steady State Two-
dimensional Return
Flow

Steady State
Three-
dimensional
Return Flow

Return Flow
in General

Depth range < 3 ft > 5t 6-10 ft 6-10 ft 10 ft dropping down
approximate
Mean velocity 1-2 ft/sec > 4-5 ft/sec Small. Bottom Bottom velocity Varies greatly, e.g.
range velocity < 3 ft/sec 3 ft/sec from 1 ft/sec - 6 ft/se
Length of grass 1-3 ft Any length About 3 {t About 3 ft Any length
Other Irregular Irregular Irregular growth {rregular growth
growth growth
/ 1

n - 0.1-0.2 0t |o.05 nt/6 0.08 f1}/® 0.06 176 n=0,04-005 !0
(order of for rapid flow,
magnitude) maximum depth

1/6

(by courtesy of Per Bruun)

n = 0,06 - 0.07 {t
for medium depth,
rapid flow -

/
n=0.1-0.2 ftl’()
for shallow depth,
slow flow

[OF Y
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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

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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Schematic models used for numerical computations
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Results of surge routing at the inner harbor navigation

canal for a very rapidly rising surge




(A4

¥6201-¢t-vd

ELEVATION, ft,MSL

Figure 7
Results of surge routing at the inner harbor navigation canal

for a moderately fast rising surge
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with each hydrograph are:

I existing levees with no Gulf Outlet Channel
I existing levees with the Gulf Outlet Channel
111 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:

A 5/3P 2/3(D+S st N(X
SGRCI T

Am (D + S)c c Q.S * Tb m Nm(x)

where the symbols have been previously defined.

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 vy for various reaches up the channel to the final terminal.

For the Mississippi River~Gulf Outlet channel the mean depth will be
taken as DC +S = 38 +5S, where it can be assumed that such depth
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., Dm +S =2S.

The wetted perimeter of the channel will only be approximated by

PC =500 + 2(38 +S) = 576 + 25, assuming that the tide above the marsh-
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 Prn = 58, 000 feet.

The cross-sectional area of the channel, of course, will rise above the
marshland elevation and should be based on a mean width channel of
500 feet such that the area is givenby A_ = 500(38 + S). The cross-
.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

5/3 2/3 |
A P (D +8) 38 +5 T2/
AC> pm) B9, - 03 I},(Wfs)] (73)
m C C

For the marshland n = 0.08 and for the Gulf Outlet nC = 0.025 have

been estimated whence

' _ _0.08
n ©0.025
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The combined wind stress and bottom stress TS + T for the marshland

is known to be greater than that for an ordinary cut channel. An estimate

of the relative magnitude can be obtained by considering

r
T« + T 1 + be
S b TS
F TR - T (75)
( S b)m 1+ bm

TS

since TS 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

T n \2
bm _ (nm) = (3.2)% = 10.2
Tbc C

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

L.ake Okeechobee studies,

Tbe
Ts

= 0.1

It then follows that

fs * e _

1
CrS-IPTl:Dm 1+

i = 0.55 (76)
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The next factor to consider is the planform factor N(X). For a channel
of constant width and depth NC(X) = 1,0 for all stations up the channel.
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, (%) 1

N, (X)) T N_(X)

(77)

when Nm (X) is the planform factor for the marshland, and at the
entrance Nm(O) = 1, but increases to Nm(L) = 1.36 at the upper end.

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

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

0% whence

2/3
38 45 ]
y = 0.6l l:s(zss n SEI N_(X) (78)

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

River-Gulf Outlet is given by
AS = ¢S (79)

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

Gulf Outlet and the planform factor is given by

AS = N_(X) vS (80)

m
It can be 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 Nm(X) from Eq. 78 cancels that given in Eq. 80.
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, N_, (X)=1.0

whence

2/3
o 38 +5
and

2/3
38 +S
AS = OJ)I[S(ZEBTS;I S (82)

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

Canel N_ (L) = 1. 36, whence
m

2/3
384+ S
y = 0'45|:_S_(E§ETS;| (83)
and
2/3
384+ S
AS = Nm(L) yS = O°61|:§m—8+5£| S (84)
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Figure 9 gives relations for y and AS 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.
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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. 10) perpendicular
to the offshore bottom profiles will cross the '"Surge Reference Line'' 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
Lat. 29.705° Long. 89.425°

2) Christmas Camp Lake
Lat. 29.828° 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,

51




90° 89°

ol
W,
gy
R
~
~
j Va HURRICANE "BETSY' TRACK
29° ' 290
L i
30° 89°
Figure 10
Map showing hurricane track and offshore traverses
PA-3-10297

52

"



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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TABLE V

Parameters for Hurricane Betsy

Time Hurricune Center Radius to cpI, Forward T
Day CST Latitude, Longitude, | Max Winds,| inches of Speed, Max Winds,
degs degs nautical miles| mercury knots knots
Sept. 9 0000 25.90 85.25 22.0 28.0 15. 25 100
0600 26.35 86. 75 24.0 28.0 14.11 100
1200 27.15 88.05 27.0 28.0 14. 22 101.5
1500 27.75 88.60 30.0 28.0 10. 27 105
1800 28. 35 89.15 31.0 28.0 10. 86 106
2100 28.94 89.85 37.0 28.0 11,41 106
Sept. 10 0000 29.60 90.50 37.0 28.0 10. 32 91
0300 39. 10 91.05 37.0 28.0 9.04 86
0600 30.64 91.55 37.0 28.3 8.97 70.5
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TABLE VI

Traverse Parameters and Coefficients for Hurricane Betsy Storm Tide Predictions

Latitude of

Offshore bottom

Marsh bottom

. Longitude of | Wind Stress . A Coriolis
Traverse | Azimuth, . ) . friction friction P
degree | | shoreline, shoreline, coefficient coefficient coefficient arameter
8 degree degree
e -6 -3 -2 -5
Mississippi 309.2 29. 705 89, 425 3x 10 5x 10 9 x 10 7.28 x 10
River Gulf
Outlet
- -6 -3 -2 -5
Christmas 294.0 29,828 89,309 3x 10 6 x 10 9x 10 7.28 x 10
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) = aj A(t)+a, B(t) + a5 C(t) (85)

where

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

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

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, are

615.91 a; + 567.02 a, + 547.13 az = 446,53
567.02 a, + 522.99 a, + 504, 19 ag = 412.92 (86)
547,13 a; + 504. 19 a, + 490. 34 az = 407.51

The solutions of Eq. 86 yield

afl = -2,045
a, = 0. 652
az = 2.443

The prediction equation to be used becomes:
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TABLE VII

Surge Observations and Predictions used in

Correlation Analysis

Observed |Predicted [Predicted Predicted
water level|lwater leveljwater levellwater level
Day Time at o3t -30 on at -20 on |at -16 on
Paris Road CCL CCL MRGO
L traverse traverse traverse
Sept. 9 1100 3.2 2.3 2.6 2.6
1700 4.6 3.7 3.7 4.0
2000 6.9 6.2 6.0 6.2
2300 9.5 8.8 8.1 9.2
Sept. 10 0200 9.8 16. 8 15.8 13.9
0500 9.3 14,1 12.3 12,3
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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-

Qutlet 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 '"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 Zij where i is the station for which
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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Surge Prediction Factors for Hurricane Betsy

TABLE VIII

Required
Station
B C D E F
Computed '
Station
MRGO (0) 1.00 .02 . 885 . 885 .990
MRGO (-16) 0.691 . 705 .612 .612 . 683
CCL (0) 0.905 .925 .03° .915 . 895
CCL (-20) 0.610 . 621 . 692 .615 .602
CCL (-30) 0.572 585 . 650 . 578 .567
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TABLE IX

Hurricane Parameters for SPH on Track Sigma

Time, H Long, H Lat, Vmax’

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, 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 27.72 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, 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 MRGO-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 MRGO-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."
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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 Section 4.3.4
are summarized in Table XII, Values of Case II, point C, taken from

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

80

S S VT



TABLE XII1

Comparison of Correlation Method with Surge Prediction Method

for Point C, Case II

Surge Peak Using ‘ urge Peak Using]
Hurricane Track Correla}tion Prediction
Equation 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 AP in inches of mercury.
9. Write out all input data.
10. Compute At. Do through 23 NT times; J =1, NT.
11. Compute Ax. Do through 22 NX times; I =1, NX.

12, Compute best estimate of total water depth including astronomical

tide, 1.14 AP, 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,

15,

16.
17.
18,

19,

20,
21.
22.
23,

24,

25,

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

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

positive use coefficients for offshore.

Compute longshore discharge, Q(I,J).

Compute storm surge, S(I,J).

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

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

20. If nogoto 21.

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

Is I =NX? If yes goto 23. If nogo to ll.
Is J =NT? If yes goto 24. If no go to 10.

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

and time step.

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.

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.
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.

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.
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 11 through 28. A-
Format is used such that any combination of 18 letters and

numbers is permitted.
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. 10 digit floating point

numbers with arbitrary decimal point location.

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

decimal point location.

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

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 the program in its current form is approxi-
mately 17, 000 on an IBM 704.

Fortran Listing (following pages)
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N

PROGRAM TIDLS
STORM TIDE ( TwG OIMENSIUNS )
DIMENSION UATE(30.3)
DIMENSION TITLE(12)
DIMENSION X{80)s T(3u)s DIBO)s WWY(EC30)s wnX(EL»30)
1 WL{BO0s3C)> - S(80+30) W(B0s30U)s DP(80»30)
DIMENSION A(30)sHLONGI(30) sHLAT(30)sR{30)sPZ(350)sXT(B0)sYT(00)
9959 CONTINUE
ReAD (59001 (TITLE(T)sI=1912) SKmY
IF(EOF+5)2229+333
222 CALL EXIT
333 WRITE (69501 ( TITLE(I)»I=1912)
90Lv FORMAT(12A6)
901 FORMAT(1H1,17HSTORM TIDc ALONG »12A6,8HTRAVERSE//)

RcAD (5 700) NXs NTy ©lGrys SMALLKy FaclUKL
70V FORMAT (2125s4cived4)
WRITt (699C2INXsinTonluKsSrALLRF s210AL

G2 FORMAT( /77777777740 NX=159/4H NT=159/4H EK=ElYeos/4H SK=cldeds/ 34
XF=E12a89/7H BIGKL=E12489////7/)

READ (59704 )ALFAISLUNGYSLAT PN
704 FORMAT(4F1U.C)
WRITE (69 7CO)ALFAsSLUNGYSLAT P

705 FORMAT( 10X e5HALFA=EL1S 8/ 10X s EHSLONG=E12e89/1CXs0HSLAT=C 1269/ 10X
X3APin=E104877/)
NX = NX + 1

READ (59 701) (D(1)s X(1), I=2sNX )
701 FORMAT (2F10e1)

VO 1  J=1s»NT

RcAD {5y 702) T(J) yDATE(U>1) sOATE(Je2) s0ATE (Ve 3)
Tu2 FORMATI(FluLaevs3A0) .

READ (59706 )1HLONG(J) sALATIU)sRIJISPLIJ) sALI)
706 FORMAT(5F1CeC)

1 READ (59 703 { weaX{lod)s waYllsuds L=c¢rink)

703 FORMATI(2F10.0)

READ (597C3) (LIl )eStlsl)sl=connX)

UPON REMCVAL OF C IN AcwvE CARD HREMCVE Mt (CARD)
X(1l) = X(2)
E7C3 = 740 7/ 340
DEVELOP TP
COBPHI=COS ((SLATHRLAT(L1))1/2e0/35742%55)
DO 800 J=1,sNT
HLAT(J) = (5LAT-HLAT (J) )¥60.0
80U FHLUNG(J)=(SLONG-rMLLNG(v) ) *CuSPHI*60e0
ALFA=ALFA/5742953
ALFAS=SIN (ALFA)
ALFAC=COS (ALFA)
DO 8C1 [=2sNX
XTCLy=X{1)*ALFAS
801 YT(L)y=x(])#®ulLFAC
DU Bu2 1=2sNX
DO 8J2 J=1NT
DP(LsJ)=PN=PZ(J)
VOILA=SGRT ((HLONC(I)=XT(I) )% 2+ (HLAT(J)=YT([))%%2)
IF(VSILA-1eCEZ-15) 30Zs8u298ud
B35 DP{LsJ)=(DP (1) ={PN=-PLlu))®XP (=R{J)/VOLLA))
802 CONTINuUC

END P
) ————=ax[TE QUT INPUT VATR-—~--
WRITE (65750
T59 FORMAT(LIrIslOXeaHIIIYsioXsbmX(1)s/)
WRITE ExToL) (00l )exX I )el=19NX)
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751 FORMATI(2E2C.8)
WRITE (697521 (T (I sA(I) sHLUNGIO)sHLAT( (Uil JYsPL(J)s U=
X1eNT)
752 FORMATH/ /75Ky HLT ol AsarAas c4Xe2nmLUNGs LOXs4rMLAT s 1iXs IAR 14K Pl
X//(6cl2e6))
WRITE (69 755) (Q{T ol ysSUIal)sXTULYoYTUI)sx(L)sI=24NX)
753 FORMAT{IEI sOXs6HT(T s 1Yo l13X9EHS(I o 1) 14X s oHXT(I) s 15XsSHYT(I)s1l4Xs4H
I1X(I1)//7(5E2C.8))
DO 666 J=1sNT
WRITE (64795) T{J)sLATELJs L) sDATC(UJs2)sDATELIs3)
755 FORMAT(LIRLs10XsF1luel 93A6 9/ 95X sGH Y ([sJd)si2XsomwaX(lsd)s12X,
L7RUP (Ta2d) s LUXsbniX (1) s/)
754 FORMAT(4Ec.Ge8)
WRITE (6s754) (wuY(Llod)swuX(Lsd)sP(lsu)y X(l}slzconk)
666 CONTINVE
777 4 = NT
2 TtJ) = T(J)y = T{J-1)
IF AT(J)) 3y 3 4

3 THJ) = T(u) + 243
4 TUJd) = 360C«0% T(U)
J = J -1
IF (0~ 2 ) 59292
5 1 = NX
12 X(I) = 6250.C % AUS (XCL) = X{l=-1}) )
I =1 -1

[F (1 = 2 ) 15915912
15 X(2) = X(>3)
OO0 6 J= 2y NT
Lo & L= 59 NX
PTol=DtIy=-a(J)+t1lela*xP (1)
PTO=PTLl+3(I-1,.01)
IF (PTL=Ceb) 993,77
77 IF(D{I))2295065
22 GWilled) = (SMALLK¥ (awY (lod=1)+uwY (Lsu)}*T(U)/2e0+u(lyu-1)) /
1 ( 1e0 + oloal® Tl)/PTu#4c702 %* nod [ wilsu=1)))
S(hsdl = (SMALLK/ (BGeZowkTu) ¥{nwwX({-19J) + wnX{lsJ)) + r#* wi(lsu)/
1 (2217 % PTu ) 3 % X({I) 4+ S{I-1su)
WLL 9 U)=PTOL+S(1s0)—0slo-u{])
GO TO 33
66 QUIled) = (SMALLK®  (waY(lod=1)+aar/{[sJ))*T(J)/2e0+ul]lsd=1)) /
1 { 1la0 + DIGK #® T(I)/PTOR*CT703 * AcS ( wllsJd-1))})
SUled) = (SMALLK/(064e34%PTO) *(waX{l-1rJ) + wwX{IsJ)) + 5% G(lsJ)/
1 (32417 % PTu ) ) #* X{1) + S(I-1sv)
WLL s )=PTul+S5(lsu)—0e70-D(I])
33 IF(ulllsD)Tu(l))ab,696
G4 wlL(lsJ) =3l
GO TO 6
9 dllyeJdy=3ec
S{IsJ)=040
WLilsJ)=Ca0
o CUNTIN.E
X(2y = X(1)
DO 7 I = 3y NX
7 X1y = X(i-1) - X{([)/6038J.0
D0 8 JzZ2eNT
T(J) =AMuUD (Tlu-1) + T(JU)/560Cel » 24aU)
IT1=T(J)x1iC.0
WRITE (69 190u) I TLaLATZ(Jsl)sDATC(JactsoATe(Js3)
190U FORMAT (1H1-I1591X 93 CST e lXs 330 esAe//// /LX) 10X Bl X slnalsacr?
TIHS g 14Xy 1rils)
wilTe (oadye e ) (XTI sl (I ) entlou)sullyd)si=zyni)
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FORMAT (F156292F15e35F1542)
CONTINUE

GO TO G999

END
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APPENDIX B
SYNTHETIC HURRICANE WINDFIELDS

by
M. J. Viehman



S T T T

.

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 B and 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/Vmax at some distance
from the storm r (also in nautical miles) on semilog paper with lines

of constant r drawn to the right of 90 percent of the historical data for

the area.

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

A\

max

log10 R =m 7 + log b (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 klog r + log C1 (B-2)

and

logb = nlogr + log C, (B-3)

Fitting Eqs. B-2 and B-3 by the least squares criteria gives
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k = -0.15128
C1 = 3.354
n = 1. 607
-3
C2 = 1.265 x 10
yielding from Eq. B-1
_ k \' n
log10 R = Cl r v + log10 C2 r
max
or
_  max
V(r) = T log = (B-4)
C1 r C2 r

where the values K, Cl’ CZ’ and n were given above,

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 = Vmax)‘ Figure B-3 shows this direction. For the SPH, which has
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 © = 0 degrees and
the wind speed distribution around the storm at a constant r is taken to be

Vi

V(r,0) = V - —— (1 - cos 9) (B-5)

(r)

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

(6 = 180 degrees) will be the maximum wind minus the storm wvelocity.

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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Figure B-3

Radial direction through the maximum wind

Eq. B-6

LINEAR APPROXIMATION

T -

Figure B-4
Sketch of wind profiles for SPH and Eq. B-6
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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
(Vx) and perpendicular (Vy) to an arbitrary traverse, the relationships
between the various angles in Fig, B-5 need to be developed., A rela-
tionship between the storm position, specified as the storm's latitude

and longitude H , the position x where the wind is to be com-

Hlat: long
puted with the angle 0 needs to be derived. Simple addition and sub-

traction will yield

8 = 6 + 115 deg - vy (B-6)
where 4
- -1 71
Yy = tan -ai-oa—lz-g-
dlong - Hlong B Xlong
dat = Xlat - Hat
and Xlat and Xlong are the position where the wind is to be computed.

These are shown in Fig. B-6.

To compute cos @ directly without using an inverse function |i.e.

d
tan_1 Hllillg— , the trigonometric identity for cos (a - b) is used where
at
a = 6 + 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

equal to t and sin y equal to _}_%n_g if d a and d ng are in nautical
miles. To effect this, multiply dlat by 60 and dlong by 60 cos ¢,

where ¢ is the latitude of the hurricane., The result is:

d sin (6§ + 115 deg) cos <|>] 60

cos 8 = I:cos (6 + 115 deg) dlat + long -

(B-7)

Now the angle P 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

B = a-vy+90deg + 25 deg (B-8)

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

are used giving

- cos B = 6?% I:Dlong cos ¢ (cos a cos 25 deg - sin a sin 25 deg)
- Dy, (cos « sin 25 deg + sin @ cos 25 deg)] (B-9)
sin B = %9 [Dlat (cos a cos 25 deg - sin a sin 25 deg)
+ Dlong cos ¢ (sin a cos 25 deg + cos a 25 deg)] (B-10)

The computer program given in Appendix C uses the aforementioned scheme
to compute the wind V, its components VX and Vy' and the wind stress

V2 cos B = UUx and V2 sin B = UUy.
Equations B-8 and B-9 were also used to compute back the V/Vmax from
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

106

PA-3-10317



Figure B-8

Superposition of the angles
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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 in1 (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.

11.

12.

Return to 7 if station counter is less than NX; otherwise

go to 11.

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

go to 12,

End.

Preparation of Input Data

I.

2.

Card Containing:

a)

b)

c)

d)

a)

b)

Number of time steps: fixed point number ending

in column 5.

Number of stations on traverse: a fixed point number

ending in column 10.

Longitude and latitude of shoreline station (X = 0):
two 10-digit floating point numbers. The position of

the decimal point is arbitrary.

Azimuth of traverse measured clockwise from the
north to the onshore vector: a 10-digit floating point

number with arbitrary decimal point location.

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 10-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.

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

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

point number with arbitrary decimal point location.

Azimuth of vector of direction of travel of hurricane
measured clockwise from north: a 10-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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DO OO N

1.0ue

3%}

liic

22¢
el

63

82

ok

2

FROGRAM WINDS .

GENERATION UF WIND STRESSES ALONG A TRAVERSE -

NOe OF TIMES = NT » STATIONS = NX

COUKDINATES UF SmURo LINE (SLUNGy SLAT)

AT AZ1MUTR ~LPra voGREERS

HURRICANE TravVerlLinNG AT AlliseThn welTAs SPreu Vi CeNTorou Al nugi,o
HLAT :

HURRICANE PARAMETERSs Ky CAPRs VVAXsVH

OIMENSION X(1CO0)s TITLE(L1Z2)

CONTINUE

READ INPUT TAPE 5,80 sNTsNX9eSLUNGsSLATsALPHA

FORMAT (21593F1060)

If (ECFs5) 1113, 1il<

CONTINUE

00 222 I=1sNX

READ INPUT TAFE S98levsx (1)

FORIMAT (2F1Ce0)

WRITE CUTPLT TAPE 6983sNToalxXeSLunuebLAaTyrLPHA

FORMATI( GX 92690 IND STRESS ALUNG TRAVERSE /77 DXe4niNT =915yt
INX =9159/ 9xsTHSLONG =97 LQe394X96RSLAT ek iQe39/ 2Xe7HALPMA =)
:F1Ce3)

RACIAN=Q.Ul7453¢5¢o

TehLE=0e45672944819

L1=53e354

C2=Le(01265

Fr=oe15128

FN=1e60727

CIOSAL=COEF (RADIANTFALP R~

SINAL=SINI {AKRADIAN®ALPHA)

UINZ2E=0el4cd618ed

C2525=0e5.60779

CJ 1111 KN=1sNT

READ INPUT TAPE Ss0ZsVIRsDELTASHLUNGIHLAT s CAPRsVIMAX s TiME
FORMAT (7F10.0)

ARITE CUTPUT TAPE 6904y VyneDELTAsmLUNGsHLAT s CAPKsVMAX s TlMe s
FORMAT(/ 4Xs39mHURRICANT TRAVELLING wlTH FURWARU SPELUsFBe29s1Xs
15AXNCTS s/ 5A910HAT AZIMUTHF10es5s 7riccGRELS Y/
ZEKsLEHIENTERED AT LUNGIt LOe393X9s3nLATsF10ess/
25X 2 IHRADIUS OF MAX WINUVS =9F 10634/
45Xy LTHMAX wIND SPcrD 159 10es91X9onkNUTS s/ 90X sF L0es9esn  nuuxsS oer
S5ORE LANDFALL) )
Ww3ITE QUTPUT TAPE 64992

FORMAT (/7 DX e 2HAWX o TX 9o 3HANWY 9 TX 9o 1HX9IX s 1MV eIX 9 2NVY 96X s HVX)
COC115=COSFARADIAN¥(UELTA+11540))
SID115=SINFIRADIAN#(ULLTA+LL1oe0}))

00 1111 T1aNX

XLAT=SLAT-X{1)*CUOSAL/60»0
XLONG=OSLONGHX [ L) *SINAL/ (606 u*COSF (XLAT*RAUIAN))
DLAT=XLAT-HLAT

PRIBAR=C0«O*¥{XLAT+ALAT ) *<ADIAN

CLONS=HLCING-XLONG

COLPHI=COSF({PHIZAR)

K260 e 0*SURTE (DLATH 4+ (UDLUNGRCUSHM] ) x%¢)

IF (k=CAPR)1s1l9¢

IF (R~CAPR/>5e0) 39394

V=0e0

GC 10 5

COSTrm={COUILS*¥DLAT+SICLLIO¥DLUNG*CUSPHLI ) #bL0/K

Va{ (3. 0%R-CAPR) /(2 CFCARKR) )HIVMAAK-V1/2e 0% e i—LLSTHI))

GO 10 5

ConTr=(Clullu*xuLaT+SIul io%uLUNO*CLSPHl)I%20Ue0/R
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V=TENLEXRYMAXRR®XFX/CLH*ALUG {CAPR/{Ce*REFEN) ) =VR/ e 0% 11 0-COUSTM)}
5 VY=VRECeC/R* (DLAT* {CUSALK¥CUSLS=-SINAL=®SINZD )Y ULUNGRCusknI %
LUSINAL*COS25+COSAL*SINZY ) )
VX=V%50e G/R* (DLONG*CUSPHI* {COSAL*COS25-SINAL®SIN2S ) ~ULATH
TICOSAL*#SINZS+SINAL#*CUS2Y))
WWX=Vs*VX
WNY =VRVY
WRITE OUTPUT TAPL Z990snwXswwYsXtI)sVaVYavX
WRITE QUTPUT TAPE 691 svaXswnYsX(I)sVsVYasvX
9y FORMAT (6F10e3)
91 FORMAT (6F1C.2}
1111 CONTINUE
GO TO 10000
1113 CALL EXIT
END

117



APPENDIX D
COMPUTER PROGRAM FOR SURGE ROUTING IN A CHANNEL

by

Mariann Moore



703A
CHANNEL (Downstream Conditions)

@——{ Read Data Card |

s Date Blank?

no

[ Read Data -~ Output Data W

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

[ Initialize for first Boundary Point, MMAX = MMAX -2, T=0, N=1

LASTX =Index of H and Q Points
when two successive Hs and Qs are
with ¢H and €Q respectively

®—-FT =T+ AT, M=1, N=N+1—‘
yves
END OF CASE—(1)

< T > TMAX
=

no

[CALL BP to develop H(1), O(1) for Nth Point |

[ LASTX - LASTX + 4 |

LASTX = MMAX ]

]

(CALL ELK (compute i(m)s and k(m}s where m = 2, LASTX |

| Compute H(m), Q{m) where m = 2, LASTX

Q(2) - Q4)
2

®

‘ (1) = Q(2) +
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©)
l

Set upstream conditions if LASTX = MMAX
HIMMAX) = HMMAX - 1) + HMMAX - 1) - HMMAX - 2)
HMMAX + 1) = HMMAX - 1)

QIMMAX - 1) = Q(MM12§X - 2)

QMMAX) = 0 QIMMAX + 1) = - QIMMAX - 1)

yes
@) > 1000 ERROR MESSAGE—(1)

If it is time to print output results for time = T, and i{ IDEBMP -1,

i ¢ k results will be printed.

]_,R”STX = Ina;; of H and ¢ Points when two successive Hs and Qs
are within <H and €Q respectively when values from LASTX =~ 4 to
LASTX are checked.

SLEESS

.

@
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PROGRAM CHANNEL

VDOWNSTREAM VERSICON. (705A)

CHANNEL SURGE IN THE MISSISSIPPI KlveR OGULF wUTLET-5Ns¢o=702

STURAGE OF L AND K MATRICES Ll,M-1 L1l LisM+l »£TC
L2yM-1 L2y L2yM+1l »ETC
L3yM-1 L3sM L3yM+1 HETC
L4sM-1 L4sM L4sM+1l H»ETC

1F CHANGE IN TWO SETS UF H AND Q@ LESS THAN EPSs VALUELS OF LS AND
KS AKE AsSUMED EWUAL AT THE TWO POINTS
NTAgLE=NO ub ENTRIES IN The TABLeS ocesrZtbRusANU Tho Lind TIAL VALUL
MATRICES HHIX) AND W (X) == T=Q
A(HsX) DEFINED AS BS(X) oH
NHO=NO OF ENTRIES IN THt INITIAL vALUt MATRIX RULU(T)-—-X=0
MMAX = NUMBER OF GIVeN X STATIONS
DIMENSION nH{100) sGQ(10V)
DIMENSION XX(IUU)9AZtRO(lOU)sD(lOO)9TT(10U)’Cc(bOO)’AO(OUO)o
1HO (100 sHIE6GO) »WI600) sELMAT(49600) 9y CAYMAT(45600) 9 X(0U0) sAMATI(O00)
2 oSMAT(600) ’
COMMON AQ9AZERO b s CZy XX 9 FMARSHy FCHANNS1CZ)
IHO s TT o XsHosWsELMAT 9 CAYMAT s AMAT s BSMAT 9 ALPHAYACUNSO
1 READ (5+8C00) MDA sSNMOINYR-
IF (NDA) 9949992 :
2 READ (5+8C00) NTABLESNHUSMMAXINPRTX IDEpBPs10EBMP
READ (598001) GsALPHAIACONIDT sDX s XMAX s TMAXsUTPRT sPSHEPSWFiMARSH
1sFCHANN »CASEK»C2ZERO
3v0l FORMATI(TF1Q0.0}
8U0U FORMAT (7110)
READ (548401) {(XX(I)sl=1sNTABLE)
READ (598001)( B{1)s1=1sNTABLE)
WRITE (6+s200C) NMOsNDASNYRIALPHASFCHANNYFMARSHIUT sDX s TMAX 9 XMAX »
IDTPRTscPEHIEPSQG

OO OOCONOOO 00N

200y FORMAT (1H1927X)» 51 CHANNEL SURGE IN THE MiSS1ISSIPPI KRIVER wUL
1F CUTLETs5Xs 129 H/s129lrm/91és/ /9 15H INERTIA CUEFesoXsORFLHANNY
211X s 27HFMARSH T INCREMENT s 4XslinX InCRoMenTsoXeslenTimo

SHMAXTMUNM 96X s 9HX MAXIMUN/Z 91X 9 TE L7000/ 9 lHO s ¢ PRINTLING INUremeiNT 4w T .
42901404 95X 9 25HAQUITTING TULLRANCE IN H =9blbetynX9eonWUITTING TuLLk
SANCE IN @ =9El4et4s/951X94H G =9E1be8,//) :
20Ul FORMAT (37Xs2E2048)
HRITE (6,2002)
202 FORMAT {(1H1s48Xs1HXs12X9 16HSURFACE WIDTH B85y /)
WRITE (652001) (XX(I)y B(I)y I=1sNTABLL)
READ (598C01) (TT(L)Ys1=1sNHC)
READ (298001) (HO(I)sI=19NHC)
WARITE (642007)
2007 FORMAT (1H1947X924HIN1T1AL CONDITION AT X=0s/s49Xs2H Ts17Xs5rn0(T)
1,7)
WRITE (692008) (TT(I)sHULI)yI=19NHO)
2408 FORMAT (37Xs2E2048)
READ (5+s6001)(HALI) s ]1=1sNTADLLE)
READ (29s8C01 ) {(wJl{I)sl=1sNTAoLE)
DO 3¢ I=1sMMAX
H{1})=0.0
3u Q(I)=0.0 -
C DEVELOP H(X1Ys QIX)ebD(X)sAND AQ(X) wATRILES AND X(iv) MATRIX
CALL XPRCP (MMAXsNTABLEsDXshHsQQ)
CLWRITE (6,2009)
2ue09 FORMAT (1r1938Xe24HINITIAL CONDITION AT T=0s/919X92M1 XslYXyiHins
1 19Xs1HQy 18X 92HBSsloXs2HAO/)
WRITE (692011) (XCIYsntL1)sWlI)sbSMAT(LYsAQ(L)sl=1sMmmAX)
2011 FURMATI( 7X9sbL2048)
ARITE (652012)
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C

(&)

FORMAT(IHL)
INITIALIZE FOR FIRST bulUNDARY POUINT
It

FIND LAST PUINT IN rmsG LINE AT T=0
[JUlT=~-1
DU 290 I=1sMMAX
INDEX=]
IF (ABS(H(I+1)-H{1))-EPSH) 21142115300
211 IF (ABSUGUI+1)~QUI))-EPSW) 22042209300
2zv laulT=10ulT+1
IF (IGQUIT)Y 290+290,300
25v CONTINUE
LASTX=MM4AK
GO TO 3190
30w LASTX=INDEX
ReTURN LoUP FOR New TOn)
3l TuwulT=-1
T=T+0T
IF (T=TMAX) 320320, 315
S WARITE (E642030) TyTHAXLDT .
o FURMAT(Imlecar¥ 4% ASE FINISHALO*#%%T =y izecsdXebHATMAX
290X s46nlT =18 e/ 1HL)
6o TS i
3Zv liuw=t(1)
woboz=li )
LoLOER = GULD
A
INDEX=1
N=h+1
CoTAIN cOUhUARY PULINT X=0s m=1s H=HU(T)
CALL oP{UNsnclDswulDsubleks TolSTRART sNPHUs JULDOP)
tewzH{ L)
IF {nNEW-10C0.0 ) 32
I W I1TE (6,2021) INOCEX
1 FUAMAT (240 » %% pRROR

3
v

3

r

f

oo

293229221
s T
FxEEHQ(T) 2L0OWS UP AT M=91456H T
322 Gutw=G(1)
n{1)=HOLD
G(I)ZJOLD
LIST=0
[F (TPRINT-T) 33093309340
330 LIST=1
TPRINT=TPRINT+DTPRT
340 LASTX=LASTX+4
IF {LASTX-MMAX)36(0,5509350
350 LALTA=MMAX
30U CALL ELK(LASTXsDXsuT sMMAXsLASEK»C22ERO)
La=LASTX~4
IPRINT=0
L) =HNEW
QU1)=CNEW
362 DO EE M=25LASTX

Ssclidet

sk lbeb)

H{4)=H (M) +0 CLMAT (L M) + ELMAT(49M) +240%( ELMAT(29%)

1 FELMAT(3414) )1 /7640

LEAa) =G (M) +{CRYMAT (1 9M) FOAYMAT (4 0M) +Z2e O (CAYHMAT (29 M)
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laNa¥ el

365

37V

371

374

375
38v
381
201V

382
2V2V

39V
2025
4bowu
396
395
41U
42u
430

450

50u

1 +CAYMAT(3,M) )1/640

CONTINUE

TQEL)I=QU2)+0.5%(Q(2)-Q(4))

IF (LASTX-MMAX} 371+370+370

MM=MMAX=-1

MP=MMAX+]

H{MMAX )} =H(MM)+0e5* (H{MM) - (MM=2)}
H{MP ) =H(MM)

QIMM)=0.5%G(MM=-1)

QIMMAX) =040

Q(MP)==Q(MM)

DO 500 M=1,LASTX

INDEX=M

I[F (H{M)}-10GC0.0) 37493749321
IPRINT=IPRINT+1

IF (LIST) 40094009375

IF (IPRINT-NPRTX) 400,380,380

IF (M-1) 381,381,382

WRITE (6452010) T,DT

FORMAT( //s4H T =9F10e195Xs4HDT =9sF10els//6X920 MsbX94HX(M) 99X
14HH (M) 9 13X s 4HQ (M) s 1OX s LZHA(HIM) s X (M) ) 94X 13nC2(AIM) s X (M) ) 210Xy
21HL 9 13X 9 1HKs /)

WRITE (6920201 MeX (M) sH(M) s Q({M]) sAMAT(M) sC2(M}
FORMAT(I93F10elsZE1T7e79E15e69E176)

[PRINT=C

IF (1DEBMP) 400540045390

WRITE (6,2025) (ELMAT(KsM) s CAYMAT(KsM) 9K=194)
FORMAT(91X52E1445)

CONTINUE

IF (M=1) 5005005396

IF (M-L4)5009390s595

IF (ABS(H(M}-H(M=1))1-cPSr) 4104410500

IF (ABS{GIM)-Q(M=1))-ePSUW) 420+420+500
IQuUIT=IQUIT+] )

IF (IQUIT) 50015005430

DO 450 I=INDEX»LASTX

H{I)=H(LASTX)

QEI)=Q(LASTX)} !
LASTX=INDEX

GO TO 310

CONTINUE

-GO T0 310
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CALL EXIT

END

SUBROUTINE LPINsHOLUsGULD sGOLDER» Ts1STARTHSNHO s IDEBEP)
DOWNSTREAM VERSION (705A) :
DIMENSIUN XX(100) sAZERUCL10U) s5(100)»TT(100)sC2(600)2»A0{0VL0})
1HOCIU0) sHI600) 9@ (60U seLMAT(4960C) s CAYMAT(45600)9X(600)sAmATI600)
2 BSMAT(600)

COMMON AQ2sAZEROso»CZ e XXoFMARSHy FCHANNSICZ,

1O s T T o XstHosWs ELMAT s CAYMAT s AMAT s 5SMAT s ALPHASACUNSG

P FINDS THt FIRST PCLINT AT X=0sM=1s H=HCGIT(N))

BP SETS UP THE NEXT I5TARTs AGLDs AND SOLD

ISTART=STARTING PLACc IN TrRolLc nO(T)

VDO 100 [=13TARTsNRD

INvEX=1

IF (T=TT(I)) 130s110s10v

CONTINUE

H{1)=HO{INDEX)

[START=INDEX

G0 1O 150
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130 IM=INDEX-1
HIL)=HOCIMY+ (HOCINGLX ) —nG i ) ¥ T=TT (Lo} ) Z(TTINuEX)=TTLLM))
[START=1IM
150 AH=H(1)
3S=ESMAT(1)
AYAT (1) =gS¥*Mn +ACUN
OH=1i(1)-HOLD
ELMAT(1,1)=DH
IF (N=1) 16C9160,5170
16 CAYMAT(191)=0e0
GO TC 175
17v CAYMAT(1,1)=00LE-GJULOER
175 DO 2v0 1=244
CAYMAT(1,41)=CAYMAT(1y])
Quv ELMAT(I,1)=DH
95 RETURN
END
SULRCUGUTINE BELKILASTX sUXsoTsbMAX s CASEK» L22ER0)
DUaNSTREAM VERSION (705A)
DI-eNSTION XX (100) sAZERULIOL) s 100) 9 TTL100G)»Celb600)sA0(6U0)
In2(100) sH(60CY sQIO0U0) 9Tl MAT{49600) 9 CAYMAT (49600 9 X600 sAMATIE600)
2 3SHATI6CC) - '
CUYivON AOSAZERUsBsC2 s XXsFMink Sty FCHANNSIC2y
11U s T T X sHows LLFAT sy CAYMAT s aivin T susMAT s ALPRAYACUNYI G
CLN wiveeors L Trirolon 4 ~pu K1 TARCUwn 4 AT PUINTS X(M=2)
TikuouGH XIM=LAhAaTX) FuR wivi VALUES OF Tliw)
UXl=2eC¥DX
DU 200 K=1e4
JrlART=1
v BLC M=29LASTX
IF (M=LASTX) “0s50»50
50 1F (K=1)190950960
6U LAST=LASTX+1
KM=K=1
IF (LASTX-MMAX) 8Uys85,85
Be L AT(KMSLAST) = ELMAT(KMILASTX)
CAY VAT L Vs LAST)I=CAYMAT(K4sLASTX)

GO TO 9C
85 LAaYATeMsLAST ) =-CAYMAT (WM LASTX-1)
CLAATIKS s LasST) = cLmATIKILAST=2)

JU b TO (10UsdUUsduUusd00) oK

1Uv AULL=0s0
AsukK=0el)
ALLUDH=00
ADUDQ=CeQ
GC TO 4CO0

200 AVCK=0e5 * CAYMATI(K-14M4)
ALUL =03 * LLMAT(K=1,M)
AU Ct=0e 5*{ clMATIK=1om+1} - cLi¥MATIK=1ym-11})
AU sa=Ce S F{LUAYMAT(K=1ym+tl) -CAYLAT{N=1yw=1))
Gu 70 400

30U mUUE=CAYMAT (3 M)
AUDL= ELNMAT(3+M)
AOUDH= CcLIMAT(3sM+1)— £LMAT(Z24M—1)
ALUDG=CAYMAT (39t 1) —CArMAT (5 sM=1)

wdv XARG=A (M)

MAKG=r M) +ALDL

ST EMAT (M)

A-r !l % HARG +ACON

TE {HARG) 4uls4025402

wul LMY EC22eRO
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402

43
41lu
429

449
450

50y
99

30u
25v

350

4uv

50w
9y

G0 TO 403

ETA=( ((BSMAT (M) =CASEK) ¥ (FMARSH*%*1e5)+CASEK* (FCOANN%¥%*142) ) /ESMAT (M)
1)1¥%0 466666667 :

C2UM)={{1e4066/uTA)X*KZ )% (AQ(1M)+HARG)*%0e3333333)

IF (K=1) 410+410,420

AMAT (M) =A .

DHDX=(HI[M+1)-H(M=-1)+ADDDH) /DX2

DADX=(QIM+1)-QIM=1)+ADLLUW) /DX2

GATM=G(M)+ADDK

ELMAT{KsM)==DT*DQLX/BS

APLUSH=AQ (i) +H (M) +ADDL

FRICT=1e0/C21(M)

CAYMAT (K o M) =DTH (=GHA*DHOX-—QATM*(GXABS{WwATM) #FRICT/APLUSHY
1 ALPHA%*OQDX)/A)

CONTINUE

RETURN

END

SUBROUTINE XPROP (MMAXsNTABLE sDXsHHsGQ)

DUWNSTREAM VERSION (703A)

DIMINSION HRE100) »Uuwl10V)

DIMENSION XX(100) sAZERUI100)»B(100)sTTI100]1+sC2(600)9ACI6UD)
1HU{100) sHI(60U0) sQLOE0D) sELMATI49600) s CAYMAT (4 »600) s X{0UG) 9AMATI(600) s
2 3SMAT(60C)

COMMON ADsAZERO By C2s XX sFMARSH, FCHANNSIC2,

10 s TTaXoH s ELMAT s CAYMAT 9y AMAT s BSMAT s ALPHA S ACUNS O

XPROP DEVELUPS THE MMAX VALUES OF THE VECTORS AOsbSMATsHsWw(X) ANDX

OIVEN THE INTApLe VaLUERS uf The VECTURS AZcRUsBrthsWww s AND XX

Xt11=0.0

ISTART=1

DO 500 K=1ysMMAX

DO 3.0 I=ISTARTSNTABLE

INDEX=1

IF (X(KY=XX{1)) 35C»25C300

CONTINUE

bSHMATIK )= ( INDEX)

A{K)=HH{INDEX)

G(K)=QQ(INDEX) ot

ISTART=INDEX

GO TO 4C0

IM =INDEX-1
FACTUR=IXIR)=XX(TIM)Y)Z IXXCINDEX)=XX(IM))

BSMAT(K Y=o (IM)+H(E(INCEX) -0 (IM) ) *FACTOR

H{K)=HHAIMY+ (HH(INveX )= {IM) ) ¥FACTCR

K =QQETM)H(GRITRNREX Y~ (Im) I #FACTOR

ISTART=IM

FACTOR=K

KP=K+1

AJ(K)=ACON/BSMATI(K)

X{KP )=FACTOR*DX

RETURN

END
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APPENDIX E

DERIVATION 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

S = N_Z_g_D_ (E-l)

where
S 1is the setup
I, 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 2% (E-2)
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where B is the width of the channel at distance X measured from

Bo » the width at the beginning of the channel.

The integration of the above equation results in

2 2

k U™ X Nk UL
S = =——_=— + const = E-3
gD ZgD ( )

where L is the length of the channel. The constant of integration can

be determined from

L
f BSdX=AsD (E-4)
0
where As is the area of the surface (AS D = volume of water),

If we let a = 2/L in Eq. E-2, by use of Eq. E-4 one obtains, after

minor algebra,

2 2o
- kU L |, (e -1)-2e (E-5)
2gh 20 (eZQ - 1)
whence
2o
N =2f[1-{e -1)-2e (E-6)
2a (€22 - 1)

For a = 0, the planform is rectangular BL/Bo = 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, th(;
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

2 2a
S__=kUL 1_(e - 1) - 22

(E-7)
gD 2a (e22 - 1)

and the planform factor is still the same as given by Eq. E-6.

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 o of Eq. E-6 is replaced
with o (X/L).

The planform factor N can be solved for by assuming a and calculating
bo/LL from Eq. E-2 for X/L = 1.0, whence BO/BL = eZa/
a=1/2 4n Bo/BL' Figure E-3 shows relationships for N as a

or
function of Bo/BL .

For the marshlands of Study Area A, it appears that Bo and B, are

approximately 11 miles and 1.1 miles wide, respectively. At II;ast 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 Bo for large Bo/BL values

without having much effect on the planform factor,

For the special case of Bo/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 Vo since N

does not change much for Bo/B between about 0.9 and 1.2, for example.
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