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PREFACE

Th i s repor t is published to provide coastal engineers w ith the results
of a study to develop an opera tiona l program for numer ical simul ati on of
sto rm surge s on a giv en segment of the Continental Shelf , usi ng a curv i-
linear coordinate system. The report consists of two volumes. Vothm~~1 1L~. V L . .~-
disc usses the theory and application of the transformation procedure for
genera ting the curv i l in ear shelf coord ina te system for pa rticular reg ions ,
and the theory , numerical algorithm , and appl ication of the storm surge
program for simulation of Hurricanes Carla (1961), Camille (1969), and
Gracie ( 1959).  Volume I I  presents the program documentation and the coded
programs for carrying out the coordinate transformation (CONFORM), for
establishing the spatial lattice (GRID), and for carry ing out the storm
surge calculations on the shelf (SSURGE). The work was carried out under
the wave mech an ics pr ogram of the U . S. Army Coas tal Engineer ing Research
Center (CERC). “
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Vas tano , Department\of Oceanography, Texas A~M University, College Station ,Texa s, under CERC Contract No. DACW72-73-C-0014. Most of the computational
work in the development and application was carried Out at the National
Cen ter for Atmospher ic Research which is suppor ted by the Na tional Sc ience
Foundation.
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(:oNvF:RsloN FACTORS , U. S. CUSTOMARY TO MI~TRIC (SI )
UNITS OF MEAS1JIthMF~NT

U .S. eusLotnar ~- u l i l  Is of m easurement used in this report can Iw 1 n~ertell b metr ic (SI)
u nits as follows:

Multiply by To obtain

in c h es 25.4 millimeters

2~ 54 reuit imneli rs

square itiehes (,452 square en t imeters

cii hi. inches 16.39 en liii- cent imeters

I 30.48 cmi  time ters

0.3048 meters

slhIlaw feet 0.0929 square ni’ I’- rs

( I i  him feet 0.0283 cubic meters

0.9144 meters

s juare V ar(IS 0.836 s piare meters

cubic y amuis 0.7646 cubic meters

miles 1 .6093 kilometers

square m iles 259.0 hectares

aI res 0.4047 heetares

foot-pounds I .3558 newton meters

OUI1( eS 28.35 grams

pounds 453.6 grams

0.453 kilo grams

toni , long 1 .0160 metric tons

4 ton, short 0.9072 metric tons

degrees (angle) 0.1 745 radiat is

Fahrenheit degrees 5/9 Celsius degrees or Kel~ ins 1

I f obtain Celsius (C) temperature readings from Fahreuiheit (F) readings , use (onnula: C (5/9) (F -
~~ 32).

fo obtain Kelvin (K) readings, USC forumla: ~ = (5/9) (F 32) + 273.15.

10 

_____  
______  

II



STORM SURGE SIMULATiON IN TRANSFORMED COORDINATES

Volume I. Theory and A pplicat ion

by

John J .  Wanstr ath , Rober t L :. Whitaker ,
J’oh ’rt 0. Reid, and Andrew C. Vastano

1 . INTRODUCT ION
1. Rack ground.

Storm surges are transient fluctuations in the sea leve l induced
by atmospheric disturbances , notably those due to extra-tropical
storms and hurricanes and to a less frequent extent pressure jumps
associated with line squalls. The rise of the water and circulation
caused by a hurricane can be considerable and is of special practi-
cal importance with respect to loss of lives and property not only
adjacent to the coast but also well inland . Statistical studies of
hurricanes of record provide a means of predicting the surge height
along an open coast . The empirical formulas developed from these
studies relate the maximum expected surge height to meteorological
parameters and effective coastal bathymetry (Donn, 1958). However ,
all such studies do not provide the time history or even the time
scale of the forcing function which is necessary as input for bay .
response studies (Reid and Bodine , 1968).

More recently, time-dependent models based upon the physics of
the storm surge phenomena have been developed to study the generation
or modificat i on of the surge as it leaves deep water and moves over
the Continental Slope and Shelf. These models , like the one proposed
herein , involve the vertically integrated equations of motion and
mass continuity. The greatest difficulty in utilizing these models
has been the manner in which the shoreline has been portrayed and the
application of realistic boundary conditior s at the specified shore .
.Jelesnianski (1967, 1972) takes the shoreline as a vertical plane of
infinite hei ght , thereby facilitating the mathematical representa-
tion of the shore boundary . More general portrayal of the shoreline
is achieved by the schemes of Miyazaki ~l9b3) and Platzman (1963) in
which the coastline is represented as a series of strai ght-line seg-
ments connected at right angles. Specifying the shoreline in this
stairstep manner results in greater numerical programing complexity
for the shore boundary condition in that the algorithm must possess
the ability to search for and substantiate the location of l and . A
more serious objection is that this approximation may inject spurious
oscillations into the calculations. This adverse effect is more than
academic since the concentration of energy is near its maximum at the
Coast , and fur ther , this is precisely the reg ion from which water
level observations are usually available for model verification .
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4

Clearly, these difficulties are avoided or minimized if a curvi-
linear coordinate system is employed which will map the interior
region bounded by the actual coastline , the seaward boundary (taken
as the 180-meter depth contour) and two lateral straight lines. Thus ,
the transformation is such that the coast , as well as the 180-meter
isobath , is mapped as a straight line in the image plane . In order
to minimize the associated modification of the different ial equations
governing the storm surge , an orthogonal curvilinear system is
employed in the present study, the desired mapping being carried out
via a conformal transformation .

2. Objectives.

The objectives are twofold: (a) to develop a method which will
conforinally map the interior region bounded by two arbitrarily shaped
curves each beginning and ending on parallel straight lines drawn
between the two curves; (b) to develop and verify a numerical model
of a hurricane-induced surge on the Continental Shelf emp loying the
transformed equations of motion in the orthogonal curvilinear
coordin ate system.

_ _  _ 
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II. CONFORMAL MAPPING

1. Development.

The selection of appropriate conformal mapping and error functions
is of principal concern in achieving the first stated objective. We
desire to map a region R of the Z-plane into a rectangle in the ~~

-

plane (Fig ure 1), in which the seaward boundary and coastline curves
are specif icall y transformed into the image plane as constant values
of r~ . Furthermore, the curves in the negative x region are re-
quired to be the mirror image of those in the positive x region.
As an artifice to assure that the lateral boundaries of the mapped
region represent straight parallel lines normal to the shoreline and
the seaward boundary , symmetry about one of these boundaries (x = 0)
is imposed and the whole range in x (—A to A) is considered to be one
wavelength of a periodic function. Thus only the range 0 < x < A
in the top panel of Figure 1 corresponds to the real region of the
shelf.

The conformal mapping relation is taken in the form:

Z = F ( ~) , (1)

where

Z x + i y  , ( 2)

(3)

and

(4)

An appropriate form of the transformation for the mapping considered
in Fi gure 1 is:

N
F(~) = P0 ÷ Q~,r + 

~ ~~n 
cos nkr + sin nkC) (5)

n= 1

where

(6)

and A is half the horizontal extent of the region in the Z , or c
plane . The coefficients P~ and Q~ , n=0 ,l...N, are, in general ,
complex and independent of F or n . Let

P = A + i B  
‘ (7) —
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and

Q~~= C ~~+ i D . (8)

where the coefficients A~ , , C~ , and D~ are real quantities.
However, the symmetry condition about x = 0 (or ~ 0) requires that
all A~ and D~ be zero. The resulting relati ons for x and y in
terms of ~ and r~ are :

N- x(~ ,n) = C0~ + ~ (B~ sinh nk~ + C cosh nki1) sin nk~ , (9)
n*l

and

N
= 80 + C0n + ~ (B cosh nkrI + C~ sinh nkn) cos nk~ . (10 )

n= 1

The condition that the range of x and ~ be the same requires that
C0 = I. The remaining N values of C~ and N-i-i values of B

~ 
are

determined by matching the coastal and seaward boundary curves at
= ± 8, respectively, 8 also being a parameter to be determined.

The coordinates X,Y of the given coast or seaward boundary
curves are specified parametrically in terms of arc length measured
along each curve from some fixed point. The functions Xs yS
Xc , and yC are aingle-valued functions of this parameter where the
superscript s or c represents the seaward boundary or coastline
curve, respectively. This property is essential since a Fourier
series-type representation is employed in determining the coefficients.
The problem is to determine B Bo , and the set of coefficients,
an and C~ , for a given N such that equations (9) and (10) give a
best fit to the given curves, in the sense of minimizing an appropriate
mean square error function. Since the specified curves are not known
directly in terms of F; , but , rather in terms of arc length, the
bicurve fitting equations require an iterative process starting from
some initial estimate of arc length in terms of F; for each curve.

It is found that a convergent iterative procedure results if one
chooses the following as the i-il approximation of the coefficients:

8
1+1 

= 1(j yCc~
I~ ~~~~ - ~ 

y5~~i~ dF; , (11)

= ~~.[I 
yC

(~~~) dF; + .r y5 (~~) dF; 3 , (12)
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B” 1 = (‘vs Q~ 
- r~ ~~~~~ ~n 

- (~~~~ )
2
) (13)

and

C~~
1 

= (r1~ T~ - r~ n)~
’(Tn ~l - (~~~~~)2) , (14)

where i=l ,2... denotes the iteration number, ~ is the transform
generated arc length and

Wc,i+Ws,i Wc,i+ws,i

= 2 
X sinh2 nk8~~ + [ 2 

y cosh2 nkB’~~ , (15)

(Wc ) 1_ Ws
~
1) (WC

~
1_ W 5

~
1)

on = ~ 
4 

~
‘ 

~
‘ sinh 2nk8’~~ , (16)

Wc,i+Ws,i . Wc,i+Ws,i

= 2 ~ sinh2 nkB’~~ + X X cash2 nkB’’1 ,(17)

= 
sinh nkB1~~ [w~” f (xC(~~) - ~

) sin nk~ dF;

- W~” f (X~(~’) - F;) sin nkF; dF; ]

i+l - A
+ 
cosh nk8 (wC ,1 .t yC~~l~ cos nkF; dF;

+ ~~~ j  y
5
~~’~ ~~s nkF; dF;] , (18)

6

_ _  
___________________________

_ _ _  
-



i+l - A V

= 
cosh nkB [w~” j  (X’~(~’) - F;) sin nkF; dF;

+ W 5 ’1 
I (X 5 (~ ’) - F;) sin nkF; dF ;]

+ 
sinh nkS”1 ~ yC~1~i~ cos nkF; dF;

- W ” f Y5(~’) cos nkF; dF;] . (19)

The W terms are weighting factors used to distribute the error pro-
portionally between the components of the transform generated and
specified curves.

It can be shown that the above relations result from minimizing
the following error function:

IL = We ’ ’ E~’
j’1 

+ ~~~ E~’~
’1

i+l x x y y

+ ~~~~~~~ EC ,1
~
l 

+ We” E~ ”~~ , (20)

where 
A

= k JEx~~
’F;,-B~ - x’~

’(F;,~ B)]2 dF; , (21)

E ’ ~~~ = 
~~~~~ J[Y~ (~’(F ;~-B) ) - yi~~ (F; ,~~ )]2 dF; , (22)

and 

E~
” 1 = .~~~~. ftx

c(al(F;,+B)) - x 1
~~(F;,+B) )2 dF; , (23)



= ~~~~~ J[Y
c(~~(F;,+B)) - y~~~ (F;,+B)]2 dF; . (24)

The transform generated arc length and weighting factors are deter-
mined relative to the results of the previous iteration by:

= E~/E , 
(25)

(26)

Wc = , (27)
x x

Wc = , (28)
- 

y y

where ~ is the average value of equations (21) through (24). The
arc length functions are given by:

F;
1.

= ~~ [(~~)2 + (~Z)2]½ 
dF; , (29)

and

F;t

z y
C 
((~~.)2 + (-~~.)2]½ dF; , (30)

for 0 < F;t c A and y5 and are prorating factors taken such
that ~(X ,r~) is exactly the known length of the given curve. Two
levels of approximation are involved in the error function. The ith
approximation of these quantities is involved in the interpolation of
the given curves. This approximation is mandatory in deriving a
deterministic form for these quantities relative to the 1+1 level.

The iterative procedure is initiated by setting all coefficients
to zero, all weighting factors to unity, and equations (29) and (30)
are given by y SF;

+ and ‘r~~ , 
respectively. The first

estimates of B , B0 and the Fourier-type coefficients 
—
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are determined from equations (11) through (14), respectively. Hav-
ing the first approximation for these quantities , the transform-
generated arc length for each curve and weight factors may be deter-
mined thus permitting a second approximation. This procedure is
repeated for given N until B , B0 and the transform coefficients
have converged as indicated by successive values of the error func-
tion. The error function approaches a constant value governed by Nand the inherent errors in estimating the various integrals by
numerical methods. The trapezoidal rule employing M values of F;at equal increments over the interval 0 < F; A is used to estimate
all integrals. Given the value of F; , the appropriate values of

Xc and yC are computed by an interpolational subroutinecalled CIJRV , which was obtained from Dr. Alan Cline, National Center
for Atmospheric Research. This routine is based on a numerical
analogy to a spline under tension (for example , see Schweikert,1966). In all applications of the conformal mapping procedure,
the total number of terms of the series, N , is taken as M or
smaller. The limitation on N is imposed since, for a determinate
system, the total number of Fourier-type coefficients cannot exceed
the number of data points. The selection of N is governed by the
desired degree of fit of the functions X5 , , Xc and yC
The procedure outlined above follows the rudiments of a conformal
mapping technique developed by Reid and Vastano (1966).
2. Applications.

Three regions of the Continental Shelf of the Gulf of Mexico andtwo regions of the eastern seaboard of the United States have been
mapped. These regions are :

(a) western gulf coast: Laguna Madre, Mexico, to Marsh
Island, Louisiana;

(b) central gulf coast: Matagorda Bay, Texas, to Timbalier
Bay, Louisiana;

(c) eastern gulf coast: Atchafalaya Bay, Louisiana, to
Apalachee Bay, Florida;

(d) lower east coast: Cape Kennedy, Florida, to Pamlico
Sound, North Carolina;

(e) upper east coast : Parnlico Sound , North Carolina , to
Penobscot Bay, Maine;

and are shown in Figures 2 through 6. The top and bottom curve in
each figure represents the coastline and the 180-meter isobath,
respectively. The latter is taken to correspond approximately to
the shelf break, seaward of which the depths increase abruptly; the
180-meter contour may not always be the most appropriate one for the
outer limit of the Continental Shelf. The chart scale, orientation
of the region, and location of cities and bays along the coast are
indicated on each figure. The x’s represent the location where
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. . . . . . .

the coast and the 18O— me t c r  contour were d ig i t i z ed  from an over lay
of b a t h y m e t r i c  charts for the regions concerned . The smooth curve is
the result of applying the numerical spline interpolation routine to
these points. In reading the discrete positions , both the coastline
and the 180-meter isohath have been smoothed subjectively to suppress
variations with scale lengths less than the grid scale ultimately
employed in the surge calculations . For example , narrow entrances
to bays are replaced by a fictitious coastline across the entrance ,
and the cusp-shaped features are smoothed .

A method was adopted which minimizes the amount of computer time
required to solve equations (9) and (10) by hastening the convergence
of the iterative procedure . The method consisted of increasing N
at selected iteration intervals. The iterative procedure used to
determine the transformation coefficients was terminated if the con-
vergence criterion was satisfied or if the available computer storage
was exceeded because of increasing N . The convergence cr iter ion
was a mean variance of less than 1 square kilometer between the
transform-generated curves and that specified . However, for develop-
ment purposes, the iterative procedure for the western and centra l
gulf coast and lower east coast areas was continued beyond this
criterion to obtain a better fit ,

It is convenient to discuss the mapping of the western and central
gulf coast regions at the end of this section since additional testing
of the solution to the mapping equations was performed with these
areas. Figure 4 show s the shelf region for the eastern gulf coast
where the Mississippi Delta is shown as the shaded area. Considera-
tion of the numerical time step for the surge algorithm was the prin-
ciple reason why the coastline to be mapped did not follow the delta.
The reduction in the time step if the actual coastline had been
followed would , probably, have been at least tenfold with respect to
the one used in the simulation of the Storm surge induced by Hurr i-
cane Camille (Section V). Since the delta , or really the levee
adjacent to the Mississippi River, has a controlling influence on
the circulation and surge caused by the hurricane , this geographical
feature was included in the surge model as a wall protruding from the
coast. The fit of the transform-generated coast and seaward boundary
curves with respect to that specified after 1 , 20, 40, 80, and 160
iterations is shown in Figures 7 through 11 , respectively. The suc-
cess ively better agreement of the mapped curves with respect to that
specified is obvious from the convergence table for the gulf coast
rcg on of Atchafalaya Bay to Apalachee Bay (Table 1). The table
shows the variance and convergence behavior of selected transforma-
tion coefficients as the iteration and N increases. The coast
variance in X , the third column of Table 1, is calculated by:

~~~~ ~ 

IX
c

(~~~(~~. ,B ) )  - x
l
(~~.,8)~

2 (31)
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Similar expressions are employed for the other variances. Appendix
A contains the transformation coefficients used to produce Figure 1].

The successful application of the mapping equations to the other
- shelf regions was accomplished . Tables 2 through S clearly indicate

the s uccessive convergence of the mapped curves with respect to that
specified for the lower and upper east coast and the western and
centra l gulf coast, respectively. Figures 12 through 15 show the
fit of the transform-generated curves and that specified after the
last iteration for the above regions. Appendixes B and C contain
the mapping coeff ic ien ts used to produ ce Figures 12 and 13, respec-
tively. The bottom part of Tables 4 and 5 show the results of addi-
tional testing of the conformal mapping equations (9) and (10) with
the western and central gulf coast regions. Another , less general ,
solution of equations (9) and (10) is possible if one minimizes the
least square error function defined only in terms of the Y inte-
grals. This solution for the transformation coefficients , hereafter
referred to as an alternate solution , may he obtained from equations

(13) through (19) with = = 0 . The testing procedure was to

continue the iterative process as outlined in the previous section
with the initial approximation for the coefficients being those
values determined from the 80th iteration . The alternate solution
as appl ied to the western and central gu lf coas t regions was stable
and, moreover , prov ided a better fit with N = 110 than the more
general one. The fit of the mapped curves with respect to that
spec i fied after 1 and 40 (or , 81 and 120) iterations with the alter-
nate solution is shown in Figures 16 and 17, respectively, for the
western gulf coast and Figures 18 and 19, respectively, for the cen-
tral gulf coast. Appendixes D and 11 contain the transformation co-
efficients used to produce Figures 17 ai~d 19, respectively. In test-
ing wi th the other three shelf reg ions , the alternate solution was
nonconvergen t i n that the successive values of the erro r f unc t ion
do not decrease or approach a constant as outlined in the previous
section . The reason for this behavior has not been investigated .

The total variance of x and y from a linear transform of the
curv i l inear coord inates may be defined as :

= + a>,
2 (32)

where

= J J [x - ~J7 d~ d n ; (33)

and
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t

0 2 =~ f f 1~ - ( B +  n) 12 d~~d~ . (34)

These expressions are measures of the “curv i l inear ity” of the trans-
forms x(E~,~) and v(~,n) . From equations (9) and (10), it can be
shown that

N
a2 =~~~an

2 , (35)
n= 1

where the contribution to the total curvilinearity variance due to
the nth term is:

(B 2 + C 2 ) sinh 2nkB
2 _  _____________0n - - 4nkB

The value of a 2,a2 is a more meaningful measure of the rela tive
importance of tI’e var ious terms in the transformation than the raw
Bn , C coeffic ients. The curvilinearity variance spectrum given
by o~

2
~o2 as a funct ion of n for the final transform of the five

regions is shown in Figure 20. The values of ~2 and o/A for the
five regions are indicated in the figure. Each of the curves indi-
cates a general inverse power law trend of about 4th degree. The
variability of the spectrum in all but the middle curve is more pro-
nounced in the higher harmonics than in the lower.

3. Limitations.

Testing of the conformal mapping equations was conducted wi th
coastlines that varied in the degree of smoothness and regions that
varied in A . Another version of the coastline from Cape Kennedy
to Pamlico Sound is shown in Figure 21. Comparing Figure 5 with this
vers ion , it can be seen that there are two small differences in the
form of the coastline. Figure 21 shows the narrowing of the Con-
tinental Shelf in the area south of Cape Kennedy . Another differ-
ence is the slightly sharper vertex at Cape Kennedy , Cape Fear, and
Cape Lookout. The (general) solution of the mapping equations proved

unstable for th is situation. It is not known which change in the
coastline permitted the convergence of the iterative procedure for
Figure 5.

One test of the mapping equations was conducted on the region
from Matagorda Bay to Apalachee Bay (Figure 22). This region is the
result of joining Figures 3 and 4 and represents in this study. the

45

— V - --1—VV4.
~ -— 

_
~~

__ 
~—~~~‘~~~--— —

V :4 
.V:4._V

~
_

~~
V V_ - ~~~~~~~~~

____ ~~~~
-‘ r



I I T T T T J  ~VVVVV ~ ~ J I T T I ~~ I I I I I T T~~

western gulf coast
a2 = 2.0(lO~) km

2

gu l f

~~cc [
V 

\
~~~a/ A = 0.09

0 2 . • .. V tUlli -
lower east coas t
a2 = 3.6(10’) km 2 -

io~ ~~V~~~J4~~~a/A  = 0.18 -

upper east coast
10

_ i  

~ c’~ = 3.2 (10’) knT
c’/A = 0.16

V 

-

V —

n 
£ &

Figure 20. The “curvilinearity ” variance spectra for the final
transform of the five mapped regions .
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longest horizontal extent of a region to be mapped. The mean vari-
ance between the mapped curves and that specified after 120 itera-
tions with n=140 was 4.4 square k ilometers . The level of vari-
ance achieved indicates that the bicurve fitting equations are
marginally successful in mapping this enlarged region . The change
in the variance level over the last 10 iterations and lim its on
computer time were the bases for terminating the iterative procedure.
The convergence criteria can he satisfied either by a shorter hori-
zontal extent or smoother curves for a longer region .
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I I I .  THE STORM SURGE EQUATiONS IN ThE
SHELF COORDINATE SYSTEM

1. Stretched Shelf Coordinate System.

Consider the transform-generated coastline and seaward boundary
curves as shown in Figure 23. The orthogonal curvilinear mesh asso-
ciated with the coordinates (E ,~ ) is designated the shelf coordi-
nate system . Although the surge calculations can be performed in
the shelf coordinate system (Figure 23b), a problem remains in
obtaining the desired spatial resolution with the fewest possible
computational points. The computing grid employed (Figure 23c) is
the result of a second transformation which preserves the orthogo-
nality property but allows independent stretching of ~ and of n
The grid resulting from the second transformation is termed the
stretched shelf coordinate system (S* ,T*).

The stretched shelf coordinate system is generated by indepen-
dentl y t ransforming the ~ and ri axes in the following manner:

(a) Given the hurricane storm track , the location where
the storm crosses the coast and the coastline con-
figuration , the values of ~ along the coastline

~‘re determined which will produce a constant rela-
tively fine increment of coastline arc length , S~ -
in this area of prime interest , line BC in Figure
23(a), the constant increment of arc length is
equal to AS* - However, regions AB and CD show
that for the same AS* as above , there is a rela-
tive expansion of the increment of the coastline
arc length. The functional relationship between ~
and S* is:

S~ = S~ ( S ( ~ ) )  , (37)

where the expansion of S~ with respect to S4-
is spec ified by an (arbit~ary) analytical ex-
pression of the form ~~ = A + B (S *)C where A
B , and C are constants.

(b) For the shelf bathymetry along a particular centrally
located isoline of ~ , the values of n are de-
termined which will yield a constant change in the
time , ~

‘I 4 - , requ i red for a long wave traveling at
the local free wave celerity to proceed from seaward
boundary to the coast. The long wave travel time ,
I , is calculated by:
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(a)
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depth contour
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A B C D (b)

EE L EEE EEEEEEE 
_ _ _

— ___ . _ _  i~

-B  _ _ _  — i _ _ _

A B C D (c)

I I
S*

Figure 23. Orthogonal curvilinear grid system in the 2-plane
(a) , in the c-plan e (b) , and in the computing
grid (c).
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f dsT =  j 
~~~ 

(38)

S (n) °

w here S~ is the distance along the isoline of ~ , 
~~ 

is the
local depth relative to mean sea level , and g is the acceleration
due tQ gravity. The relation between n and T* is gi ven by:

T* = T*(T(S~ (n))) , (39)

The incremental values of T* are determined from equation (38)
subject to the (arbitrary) expansion relationship of T*(T). This
relationship is a convenience which permits an additional degree of
freedom in adjusting the relative spacing between isolines of n
However , if 1* T , the value of AT* is that which divides the
total long wave travel time by an integer number of lines of n -

The selection of the final ~T4- is based upon a compromise for pro-
viding adequate resolution for the wind field and the resulting surge
with a minimum number of points. The form chosen for the expansion

V 
is T = A + B(T*)C where A , B , and C are constants.

The stretched shelf coordinate system provides a grid system
with a finer resolution near the coast than at the 180-meter iso-
bath . The expansion curve , S*(Sp) stretches the horizontal reach
of the grid while maintaining a finer grid in the area of landfall
of the hurricane . In this manner an economy is achieved in terms of
the number of grid points required by the surge program. However,
because the preferred expansion curves dictate the locations (in
x ,y space) of the depths required for the surge calculations , the
depth field must be redefined for different pairs of stretching
functions. Application of this procedure has been accomplished for
the simulation of the storm surges caused by Hurricanes Carla ,
Camille , and Gracie. Figure 24 shows the transform-generated coast-
line and seaward boundary curves for the western gulf coast area.
Also shown is the shelf coordinate system ~~~ wh ich was employed
in the Hurricane Carla surge simulation . The track of the hurricane
is the dashline. The grid system extends over approximately 750
kilometers of coastline. The stretched shelf coordinate system
(Fi gure 25) is attained through the functional relationshi ps speci-
fied in Figure 26 for the S* axis and F igure 27 for the T* axis.
The shelf coordinate system , the stretched shelf coord ina te system ,
and similar transformation relationships are shown i n Figur es 28
through 31 , for the grid used to simulate the storm surge caused by
Hurricane Camille , and in Fi gures 32 through 35 for the grid asso-
ciated with the Hurricane Gracie storm surge .
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2. Storm Surge I~quat i ons.

The verticall y integrated form of the quasi-linear long wave
equat ions  in a Cartesian system are well known (e.g., Welander ,
1961). The appropriate forms for storm surge computation in the
stretched shelf coordinate system are as follows:

- f + 
Fp 3S4- (II - = - (40)

T* D ~+ ~ ~s* 
+ 

~~

_- 
~~~~~~~~ (H - FI

B
) = - °T* (41)

and

+ 4 [1 V (FQ s*) + 1 ~~~~~~~ (FQT*)] = 0 , (42)

where Q is the volume transport per unit  width , -r is the wind
stress divided by the water density, a is the bottom resistance
stress divided by water density, f is the Coriolis parameter , D
is depth of water, II is the sea surface elevation relative to mean
sea level , and ‘1B is the hydrostatic elevation of the sea surface
corresponding to the atmospheric pressure anomaly. The term F is

s variable scale factor associated with the conforma l part of the
orthogonal curvilinear coordinate system . Specifically,

F = + (~~)2]
½ (43)

where x and y are given by the t ransformat ion  equati’~ns .  The
terms u and v , are additional scale factors that relate to the
transformation of ~ to S4- and n to T4- , respectively, and
are given by:

as
= !~__ ~__ii (44as as4- ‘ 4’

p

and
-, as

= ~n_ _j i IL
as a~ ai* 4’
n

Fu rthermore , F2~ v correspond s to the Jacobian of the  transforma-
t ion in the sense that

A = I I F2jjv dS* dT* , (4 6 )
R4-
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where A is the area of a closed region R in the x ,y plane
whose mapped image is R4-

The kinematic wind-stress components TS* and T T* are re-
lated to their x ,y component counterparts (-r

~ 
, ) at a givei~point by: y

C05 0 + -t- sin 0 , (47)

and

= -Tx sin 0 + i cos 0 , (48)

where

0 = tan k 
. (49)

The relation between the wind stress and windspeed is:

2
= K W 10 , K = — C

D ‘ 
(50)p W

where 
~A 

is the air density, p~ is the water density, CD is a
nondimensional drag coefficient, and W 11~ is the windspeed at an
elevation of 10 meters above the water surface. The value of K
(Reid and Bodine , 1968) is taken as:

K 1 , if W 10 < 7.0 m -s~~
-1

K 1 + [i. o - 7. 0/ W 10] 2 K 2 , if W 10 > 7.0

wh ere K 1 is 1.1 x 10-6 and K2 is 2.5 x 10-6 .

The va l ues of K~ and K2 used by Whitaker , Reid , and Vastano
(1973) for Lake Okeechobee were found to be too large for the shelf
surge computations investigated in this study.

The form of the bed resistance terms are:

K Q
0~~* ‘ (52 )  V

and

K Q
01* = i~ ~T4-  ‘ 

(53)
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whe re

Q = + Q
T~
]½ .4 ( 5 2 )

and K is a nondimensional drag coefficient taken as 2.5 l0~~~.0

Numerical Al gorithm.

The numerical analogs of equations (40), (41), and ( 4 2 )  are based
upon centered difference approximations of all terms (see App. F).
The al gorithm treats the time dependency exp licitly and emp loys a
computing lattice as shown in Fi gure 36 in which the transports , Q 

*and Q-1’* arc computed at the same location but are staggered in S
time and space with respect to the water level anomaly. ihis scheme
facilitates a simple representation of the Coriolis and bottom stress
terms in the difference equations. The surge model allows for vari-
able hathymetry and arbitrary coastlines which are represented as a
series of connecting straight line segments situated along lines of
constant S~ or T* . For the simulation of the Hurricane Camille
storm surge, the arbitrary coastline feature of the al gorithm is
mandatory to delineate the delta. However, in the more usua l app li-
cation , the coast is a straight line in the computing grid.

The difference equations for 
Q~~~

*, QT*, and H at interior
points of the computing grid are given by:

= (6 i C2 + f L~t G~ ) / ( Gf  + (f L t ) 2 ) , (55)

QT*(~
.i
~~~

l) = (C1 G3 — f At G2) / ( G ~ + (f At)2) , (56)

and

H(i ,j ,n+1) = 11(i , j  ,n—l)

F(1~4l ,j) Qs*U~
.l ,i,

~
l) — F(i—l , i )

— 

F ( i ,j ) 2 - 

l i ( i )  AS~

I ( i , j -+ 1) 
~~~~~~~~~~~~ 

— F ( i , j — l )  QT*(i ,i_ l ,I
VI)

+ v ( j )  AT* (57)

where i , j , and n ind ices expre ss the S~ , T* , and time
coordinates , respectively, and At is the numc-rical time step . The
quantities C 1 , , and ~~ are given by:

= 1 + 2 At Q(i ,j,n-1)/D 2 , (58)
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Fi gure 36. Scheme for computed variables .
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= ( i , .i , n - 1 )  + f ~ ~~ 
,j  .n - l )

— t  I )  - - V —
- 

~~~H) I-( ~~, j ) ~~~
4 ) )

~~i+1 , i ,n) -

- l I ( i - l ,j . n )  + I I i~
( i
~l . i , n) I  + 2 .t T s* ~

(
~ = Q 1 -~ 

( i ,j  ,n —1 ) — I -
~ 

( I  ,j ,n—l

- ~~~~~~~~~ L V~~~~ 

~h- V (  
-
~ I I I  

~~~~~~ 
I - 1

~B~~
’ ~VI + 1  , n )

- } I( i ,j - l ,n) 
~ 

I I i~
( i , j _ 1 . n ) 1  + 2 t 1

T~ 
‘

w Ii crc

1) = [N i+1 .~I , t t  + 12 ( 1  - 1  .
~~ 

,n) P( i , i ~ I ,
n ) + [) ( i ,~~~~

- . (~~l )

I n  order -  t ( 4  ma i n t  i ri r i u n i c r i  cal st Ih i i  i t v , the t inc step must

S;I  t i -
~ fv the cond i t  ion

(Lv ~5* V V J

t ~~~ F ~~ - V ( h _ )
( V J ,  (.~I ) j

whe rc

= I C u  AS* ) ’ + ( V  A J * )  2 V V 
( ( 4 3

and t h e  m i n i m u m  va I (IC of the  r i g h t — h a n d  s I (IC of r~ 1 at  i o n  ( 2 6 )  i s
imp ! icd . Thu s , a 5(V~~( r ch  of t he g r i d  is  requ i red for  :1 proper sd ect ion
of t . H owever , t he cond i t  ions a 1 on~ the seaward  bo~rn dary  u s u a l l y
limit the tine step b e c a u s u  of  the dec-per s i t e r .

V F ) 1 & V  VaI II V S of ~ , V . I . and 0 given by equat ions ( - I l L  ( 1~~)
2 0 )  and (19). are requi red at  t h e  appropriat e comj)ut:It iona l grid

p o i n t s .  !\ numerical spi Inc under tension is emp lo yed t o  inter p ol at e

~ g i ven the IM va I tics of S (S~ ) . VFhe 5 V V a I c  f a c t o r , 0 i S

det ermined by : p

- ( 1 +  I - ( I  - I )
= ~~~~~~~~~~ 

—

= 1, 2 . . .  IM
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( % h I _ V ? V ( V  F (o) and C j( 1” l+ I )  ;I TV I V  ; I V 4 _ V ( V r _ t a i f l ( S ( 1  lv exp an d i n ~’ the compu t i n g
g r i d  one I I l c I V e m V I ) t  - ( f  ~~~~~~ the h-it and ri ght . respect i 4’V 4V V l ~~~

V I n
a si m i I f

V 

~h i on . the ‘
~ va I ucs 0 t r, may b J 1(1)’’) ned and t he

sca l e tV ic t oT v gi ccii I \ V

V r (  i + I - r d  i - I )  -- V ( J )  - - ~V 
( ( 1 4 )

j = 2,3 V •

S i n c e  t h e  colnput i ng g r i d  may not be extended l:indward or toward d e p i
wat(~r, t lie app ro x u : 1 V( t  io n  at I I and i = tM i s  m a d e  t h a t

v (  1 ) = ~ (2 1  - i (  I )  ] / - u

( r i d

V ( V J ~~ 1) = [ri (VJ kl l ~ LPl- I )~~~/~~~V l V *  .
V JV he I r a in  t h e  X ,~~~

V plane of ca -h g r i d  block , i n c l u d i n g  t hose
f rom expanding the grid in t h e  ~ d i r e c t ion , is determined by numer-
i c a l  p rocedure  from t h e  f o l l o w i n g  r e l a t i o n :

T i .  ~~~

j+1 - l

- ( i  , j )  r 

~J 
+ ( :~~)

2 
d~ d r  (68)

i = 1 ,2 I~’1+l

j  = 1 , 2 . .  J~ -

Vl~hc scale factor associated with the conformal mapping is (bcVtermined
fi-om equat i on ( - 2 ( 4 )  at  intersectional p o i n t s , excluding the coast and
sc-award boundary , b y t h e

V 
exp re s s ion :

F ( i  ~±LL + A (~~J j~~~~ ( J ) + ~~~~~~~~j~~l )  2 

( 6 0 )~~V l I AS~ ~~ ~ ( i )  v ( j )  4 -

i = 1 ,2 . P1

j = 2 ,3 - . .  tM-I

and for grid points along j = 1 or VP’1 liv t i e approximation : V

4,
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- - - 
- \ i i , 1 • -‘ (1 4 ! 1 ( 1 )V ~ 4~~~~~4 ~~~ ( 4  . 1 1 )  v I  i i  ‘ V

P7

I he :Ing Ic • ~ , r t ~ I i t  t ng th e  o r i e n t  at i o n  of the St  r et  ched she I f
coord inate s\ V s t c m  t o  t h e  x - v p 1 ane I det 4 rained at grid poin t s ,
e x c l u d i n g  j = I and .JM , by t h e  I

V
O I low n~ smoothing procedure :

1 ~ - -~ +0 ( i  ,j )  ~V~ ( i l  J)  + O h  , j - l )  + 0 ( i + I  ,j )  + 1I ( i ,j+l ) + -1~~( i ,j)

( 7 1 )
I = 1 , 2 P7

j = 2 ,3 tM- I

~here 0 is given by equation (-H). Along the sea and coa stlinc-
h o u n d a r i  (‘5 we have

(i ( j ,  I )  = 0 ( i  -1 , 1) + 2e
t 
(i 2) + 0 (j+l .1) + 40 ( i  , 1 )j  ( 7 2 )

i = 1 , 2

and

0 ( 1  , . I M )  = ~ O ( i - l  ,,IM) + 2 0 (  i , M- l b  + 0 (  i + l  , JM ) + 4 8 (i ,~JM )
(73)

1 1 , 2 V I M  -

4 V (o urijarv Cond i t  i o t is .

-‘ w i l l  conditi on is emp l oyed in the surge simulation along the
c o a s t  while the surface elevation anomal y is placed in equilibrium
w i t h  the atmospheric pressure along the seaward boundary . Van ishing
norma l deriv atives of t r anspor t  are specified on t h e  lateral open
boundaries. T h i s  cond it ion is ki scV d by Jel esniar4sk 1 (1965, 1966) and
Forrista ll (1974), a l t h o u g h  it may not he the most desirable (Reid ,
1975 ) .

In t h e  x , p lane the coast is curved making the wall (coast)
and Iater: i J boundary conditions difficult to apply in  a rec t i l i n e a r
grid system. However , the stretched shelf coordinate system repre-
sen t s  t h e  coast a s :

= 0 , ( 74)

or , the analog is simply, —
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= 0 , (75)

i = 1 ,3 . IN

t h u s , t o t a l  r e f l e c-t ion is  assured  at t h e  boundary . The f l u x , Qç* ,
a long  t he coas t l i n e i s  c a l c u l a t e d  from equa t ion (55)  w i t h  I) taken
as t h e  t w o  p o i n t  average of the local fluid depths along the coast.
The l o c a l  dep ths  ranged from 1. 0 to 2.3 meters , depending on the sea-
wa rd bot t om slope and sur rounding  e l e v a t i on s .  The water e l e v a t io n s
a long  t he  coast are computed from the continuity relation as given
by equation (57) with the following substitution:

Fl i ,.IM+ l I QT* ( i  , IM+ 1 ,n—1 ) = — F(i ,V I M — I )  QT* (i , JM_ I ,n — l )  , (76)

i = 2 , 4 I M - 2  -

V i h i  is in artifact consistent with total reflection .

For t h e  s i m u l a t i o n  of the  h u r r icane Ca m i l l e  storm surge , the
norma l routine of the surge program was interrupted at those grid
point s representing the prot ruding Mississipp i Delta. Along this
par t  of t h e  coast  ( t he  sol id  heavy l i n e  in Fi gures 28 and 2 9 ) ,  the
norma l f l u x  was set to zero and the  t angen t ia l  f lux  was determined
from e i t h e r  equa t ion  (55) or equation (56) with the C o r i o l i s  term
vanishing. The continuit y relation is altered depending on the
orientation of the boundary to be consistent with total reflection .

The open deep sea boundary condition is:

H(i , l , n + l )  = FI
B
(I ,l ,n+ l)  , (77)

= 2,4 • j 7l~~
and

}l ( i , 2 , r i+ I )  = [ H ( i — l , l , n + I )  + U ( i + 1 , 1 ,n + l )

+ I I ( i — l , 3 , n + l )  + H (i+1 ,3,n+l)]/4 . (78)

i = ~ , S . IM— 2

Spec i fy ing  t h e  seaward boundary in t h i s  sawtooth form obviates the
cal c iil at ions of Q~~* 

and Q-~’* along the boundary since they are notrequired for computations at interior points.

The latera l open boundary condition requires the norma l gradient
of the S*~directcd transport to vanish ,
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0 .  (79)

V h V hi i s condition imp li e s that a l o n g  t h e  l e f t  s ide of the grid ,

Qs*
( l j

~~
h1

~~~~ 
= Qs* (3

~ i~~
n
~~~ 

, (80)

j 3,5 J7j

and a long t lie ri gh t  ~ I dc’

Qs*~~~
7 ’~~’’~~’ 1  = Q5* ( 1M~2 ,j, n+l )  , (81)

j  = 3,5 tM

Ih e S’-di rec t cd transp orts for even V I and i=2 or lM- l are deter-
m i n e d  by the lec rage of the two n e i g hbo r ing  i n t e r i o r  values .  Addi-
t i o nall v , t he 1* _ directed t ransports are required along 1=2 or IM-l
and a re calculated fro m e q u a t i o n  (56) where D is again the average
of t hc V local f i i  id  dept  h a l o n g  t h e  boundary .

Spec i i i  c omput  a t  i o n s  arc r e q l l i  red at  seaward corner p o in t s  (2 ,2)
and (3 . 1 I . Si miii t . 1 1 0 00 1 - 9 ( 1 . 1 1  l ori s are solved for Q.ç* (2,2 ,n+l) and

~~ (3, 1 , ri+ 1 w i t h  the aPpi~O ~ l i t  ion that Q.ç* (3,1 ,n+1 ) i s  the aver-
age of the list n e ig hboring i n t e r i o r  v alue s . Similar expressions are
used it  t h e  I V I ght — hand  c aw a r V d 1 1 4  (Vf((V F ~~0 lit  S .

‘) t  I V  I~ d ul l i t  ions  ,i t t lu seaward l i t !  l a t e r a l boundar ies  were
experiment ed w i t h  fu r  the hI urr I c V i r l c  (

V ar la simulations. These in—
c hided radiatio nal conditions of the t y p e  discussed by Reid and
Bo d ine  (PHIS) and Reid (1975). ftc main diffe rences , as anticipated ,
we i-c- close t o  t h e  1 ;iteral bound a r i e s  w h e r e  t h e  “flow through” cond i —
tion in e q u i t  ion ( 9 1  gave :i more real ist i c rendition of the long-
shore f low .

l i i  i c n um e r i c a l  model was used s u c c e s s f ul l y by Alva rez
19 3). F u r t h ’ r  t d V s t i n g  of t h e  al gorithm , where in some cases an

: i , i a l y t  i c a l  s o l ut  ion w a s  p o s s i b l e  for compari son purposes , is pre-
sen t  ( V II i n  .V\ p pen d  i x G

5 . b~~i iid and PI
V I,ssIIrc_ Fields.

Of major n I o r t  ance Ifl SI  mti l a t  lug the stoim surge is the accurate
port rayal of the hurricane wind f i e l d  on the computing grid. More-
over , t h e  r t - p r e s i r i t a t  ion of t Ild wind must he t i m e - d ep e n d e n t .

t h e Ilvdrometeorological Section of the National Weather Service
(NWS) provid ed chart s of the surface winds at 10 meters above mean

4,
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sea leve l and of the barometric pressure for Hurricanes Carla and
C a m i l l e .  One method for representing the wind f ie ld  is to di g i t i z e
the above charts for the hurricane in question . Usually the wind and
pressure data depicting the storm are sampled in time at particular
grid points and interpolated to provide the necessary input to the
surge model . However, such input data are tedious and l aborious to
obtain and do not guarantee better quality of the input than can be
obtained by analytical representations of the forcing fields. It is
t h i s  l a t t e r  approach which is u~ed in t h i s  s tudy,

For a given hurricane , the following parameters are sampled in
time from the NWS charts: position , forward speed , centra l pressure ,
radius vector (relative to the storm movement ) to maximum winds , and
the maximum winds.  With  an ana ly t i ca l  representation of the surface
wind and pressure f i e lds  the above parameters need only to be inter-
polated in time .

The wind field representation prior to consideration of the land
infl uence as given by Jelesnianski (1965) is employed in this study.
The x ,y-w ind components for a stationary storm are :

V = J~ [ 
- (x~x.~) sin ~ - cos •

and F(rh) , (82)

V = _! 
~ 

+ (x~x.~) cos 
~ ~~~~~ 

S~~fl 
~ J

where

rh 
= [(X

~
X
h)

2 
+ ‘

~
‘h~ 

]~~~ 

- (83)

VR is the maximum wind , 4i is the ingress angle , and F(r
h
) is

(rh /R h ) 312 if rh < P~ or (R,
~
/rh)

”2 if rh > R h . D i s t ance  from
the storm center ~~~ ~~~ 

to the region of maximum winds is
The t rans la t ion  of the storm ~~~ V V :des an a l terat ion in the wind  f ie ld
which i~. carried out fo l lowing  the method of Jelesnianski  (1965).
This involves the vector addition to the above field of a supplemen-
tal velocity whose direction is parallel to that of the storm and
whose magnitude depends only upon r~ . The resul t ing  modified
values of V~ and V are used to compute the wind-stress
compoiter ts:
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-r = K (V 2 + V 2) Vx x y x

and (8 4 )

= K (V 2 + V 2) Vy x y y

This constitutes the symmetric wind-stress field. The stress compo-
nents in the stretched shelf coordinate system are determined by
applying equation (84) in equations (47) and (48).

The surface atmospheric pressure f ie ld  associated wi th the hurri-
cane is given by:

P + (P - P0) e , (85)

where P0 is the central pressure and P,,, is the far f i e ld  pressure .
The term H B in equations (40) and (41) is equivalent to
(P - P)/p g.

The symmetric surface stress field does not reflect the influ-
ence of land . Without  modeling this influence the analytically
determined wind field near the coast would not be consistent with that
from the NWS. A systematic procedure (App. H) is employed to alter
the sylrJnetric wind f i e ld  such that  it portrays the effect of land .
These winds are referred to as deformed . Mr. Thomas Reid , Texas MM
University, Department of Oceanography , is responsible for the basic
development of th is  wind model (unpublished manuscript). The pressure
field was not altered in the nearshore region to conform with the
wind field.

Figure 37(a) represents the symmetric Hurricane Carla wind field
at 1600 Greenwich mean time (G.m.t.), 11 September 1961 (approxi-
mately 4 hours before the storm crossed the coast). Isovels are
shown in meters per second . The analytically deformed wind field at
t h i s  t i m e  is shown in Figure 37(b) .  The inf luence  of l and on the wind
f i e l d  is evidence even at a t ime when the storm is approximately 55
k i l o m e t e r s  from the coast. Fi gures 38 and 39 show the symmetric (a)
and defo rmed (b) winds at 2000 G.m .t . , I l  September , and 0000 C . m . t . ,
12 September , respect ively.  The rotation and reduction of the wind
vector in the nearshore reg ion to ref lect  the l and inf luence  is
i l l u s t r a t e d  in comparing Figure 40 (a )  for the symmetric case with
Figure 40 (b)  for the deformed wind . These figures correspond to the
contours shown in Fi gures 38(a) and 38(b) , -respectively.  The arrows
represent the wind vector placed such that  the t a i l  is at the com-
putational point . The pressure fields , as determined from equation
(85), for Hurricane Carla at the above times are shown in Fi gure
4 1(a , h , c) where the contours are in m i l l i b a r s . Although the pattern 4,
of isovels re f lec t ing  the l and i nfluence is in good agreement w i t h
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Tim e = 46.0 (hrs.)

(a)

Figure 37. Hurricane Carla symmetric (a) and deformed (h)
wind fields at 1600 G .m.t ., 11 September 1961 ;
isove]s in meters per second. 
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Time = 50.0 (hrs.)

/ 
,~~ 

~/

1-igu rt’ 38. Hurricane Carla symmetric (a) and deformed (b)

w i n d  f i e l d s  a t  2000 G . m . t . ,  11 September 1961 ;
isovels in meters per second .
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Time = 54.0 (hrs.)

(b)

36.

Figure 39. Hurr icane  Carla symmetric (a) and deformed (b)
wind f i e l d s  at 0000 G . m . t . ,  12 September 1961 ;
isovels in meters per second.
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Time 50.0 (hrs.)
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Figure 4 0.  Hurricane Carla winds at selected points at
2000 G .m.t., 11 September 1961 for the
symmetric (a) and deformed (b) representations.
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Time = 46.0 (hrs.)

/ 

Time = 500 (lirs .)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

7

~~~~~~~~~~ b)

I
,
,
,
,
;

Time = 54.0 (hrs.)

IN
Fi gure 41. H u r r i c a n e  Carla a t n i o iz~~h e i i c  pr ess l i l - e  on 11 Sep-

tember 1961 at l (0 (l ( 1 )  , a t 2q00 Ib ) , and 0000
G .m. t . , 12 Sep t emlV,er (c) ceittours in no I th1 r~
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tho se proVidedi by ~~~ the problem of s p c V c i i y i n g  t h e  proper deforma-
t i on is not c4 I I I I  I el y rd-solved .

V l V h e ob se rved  h i g h winds which remain along the coast after the
‘~to r m has proceeded inland are a t t~~ine d  by setting Rh to he the
dis tance the storm center i ; from that coastal area of persis ten t
h i g h  h i n d s .  T h i s  proced ure was al so fol lowed in model i ng the w i n d s
from Hurricane Camil le. However , Rh in t he pressure e xp r e s s i o n
was not allowed to in V T V CIsd in this manne r .

The hydrographs at selected grid poin ts along the coast are
presented i n  Figure 42 illustratin g the irproved agreement with
respect to the ob SerVdV d w a t e r  l e v el s  in u s i n g  a deformed w i n d
f o r c i n g  f u n c t i o n  rather t han a symmetric one . The observed water
lev e ls , c e r r c V c t e d  for  the as t ronomica l  t i de , are in d icated by

- The computed w i t  d r  levels have been r a i s e d  for comp ar i  son
purposes to correspond t o  the local sea level at the start of the
computa t ions  (1 800 C m . t . ,  9 Sep t ember) . The s o l i d  l i n e  represents
th e computed surge employ ing  the  defo rmed w i n d  and the dash l i n e
shows the results with a symmetric wind . The surge computations
we re formed u s i n g  iden t ic a l boundary condi t ions .

[li e symmet n c  (a) and defo rmed (b) w nds for Hurricane Camille it

0000 G .m.t. 18 August l9~9 (approximatel y I hours before  the storm
cr o --s ed  t I O  coast), 0100 G.m .t. and 0800 G .m .t. on the same date
i r e  showr in F ii ~iires 13 through 45. The rotation and reduction of

t h e  w j y u !  S t T C S S  for this storm ar c  different from that of Hurricane-
ari a bd-c;ulsc of the J i f f e r e n ces  in  the c o a s t a l  c o n f i g u r a t i o n .

Fi g u r V  Ii (a , 11) sho w ’ the w ind  vectors for the  symmetric and deformed
r e p r e s e n t a t i o n  of i r r i c a i e  C a m i l l e  at the t i m e  the storm proceeded
inland . I h ~~V pres sire fields at the above times are p r e s V n t e d  in
f i o r d  [ ‘(a . h , c) V The w ind f i e l ! -  a s soc ia t ed  with Hurric ane G r a c i e
were not ~ (V t (nhIc I because the documentation was not amenable to the
defo m: t ion procedure . Also , R h was  not increased in the manner
sp e c i f i e d  above a f t e r  t h e  s t o r m  crossed the  coast .  The symmetric
w i nds at 12 (1 G . m . t . ,  29 September 1959 , 1600 G. m . t .  ( the  t i m e  t h e
s t o r m proceeded i n l a n d ) ,  a nd 2000 G .m . t .  on .li e same date are shown
i n  F i gu re V )~~~~ F i g u r e  - [ H  p r esen t s  the  pressure fields at the above
times.
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Time = 24.0 (hrs.)

/

(b)

c
__V

/
/

Fi gure 43. Hurricane Camille symmetric (a) and deformed (b)
wind fi elds a t  0000 G .in .t . , 18 Augus t 1969 ;
isovels in meters per second .
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Time = 28-0 (hrs.)

(a)

(b)

24.0 1”
•— —-V. -.--__/

~
-
~
- --

/

Figure 44 .  Hurr ica ne Cami l l e  symmetr ic  (a) and deformed
(b) wind fields at 0400 G.m .t ., 18 August

1969 ; isovels in meter s  per second .
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Time = 32.0 (hrs.)

(a)

(b)

~

/
Figure  45. Hurricane Camille symmetric (a) and deformed (b) wind

fields at 0800 G . m . t . ,  18 August  1%9; isovels in
met ers per second .
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Time 28.0 (hrs  )
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~ igure 46. Hurricane Cami l Id winds at  Selected Jl O i I I t S  at [00
G . m .  t . , 18 V~u lgu st  19h:) fo r  the SVTlin ~C1 r i  c ( a)  and
deformed lb  I r ep resen t  i t  i on s .
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Time = 24.0 (hrs.)
(a)

-V 

/

Time = 28.0 (hrs.)

(b)

/ Time = 32.0 (hrs.)

Cc)

Figure 47. Hurricane Camille atmospheric pressul-c on 18 Augus t
1969 at 0000 (a), at 0400 (b), and at 0800 G.m .t.
Ic ); contours in mil lih ars .
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Time = 24.0 (hrs.)

Time . = 28.0 (hrs.)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Time = 32.0 (hrs.)
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Figure 48. Hurricane Gracie symmetric winds on 29 September
1959 at 1200 (a) , at 1600 ( b ) ,  and at 2000 G . m . t .
C c ) ;  isovels in meters per second.
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Time = 24.0 (hrs.)

(a)

Time.= 28.0 (hrs.)

~~~~~~~~~~~~~~~~~~~~ (b)

Time = 32.0 (hrs.)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (c)

/ 
— —

Figure  49. Hurr icane Gracie  atmospheric pressun o~i 29 September
1959 at 1200 (a), at 1600 (b), and at 2000 G.m.t.
(c); contours in mi l l ibars .
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IV. SIMULAT I ON OF THE FREE WAVE I N AN ANNUL U S

1 . Problem Statenent.

If the wind stress , bot tom friction , atmospheric pressure , and
the rotat ional effect of the earth are neglect ( 4 )  then the equations
in Sec t ion III admit a simple anal ytic solution for free gravity
waves of long wavelength. A study using curved boundaries will
demonstratd - the superiority of modelin g the long gravity wave in
orthogonal curvilinear coordinates over those models which employ
rectilinear coordinates. Basicall y, the study involves comparing
the numerical solution of a free-standing long wave in a 90° section
of an annulus with an inner radius r1 of 393 kilometers and an
outer radius r2 equal to 2r1 (Figure 50). The annulus is bounded
on all sides by a vertical wall. The depth of the basin relative
to the mean water level is assumed everywhere to be 40 meters.

The analytical solution for the free-wave oscillations in a
section of an annu]us may be obtained with some modifications from
Lamb (art. 191 , 1932). The boundary conditions require that :

= 0 , at r = r1 and r = r2 , (86)

and

-~~~= 0 , at O = 0 ° a n d O = , i / 2 . (87)

The analytical solution for the given initial conditions is:

J ’ (k r 1
= ~ Am ,n [ 

~~~~~~~~ 
- 

Y ’ ( k r 1) 
Yn

(k
m n r) 1

cos nO cos o t , (88)
m ,1i

m 0 , 1”

n = 0 ,2~~~”

where

a k 
~~~~~~~~~~~~~~ 

(89)
m ,n m ,n

and for given n km n  
is the ~th root of

4,

90

V
- V V 4 V . V~i V 

V. -

- --- .-------- - - - -



Land

r1 393 km

= 2r•
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J ’ (kr - ) Y ’ (k r 1 ) - ,l ’ (kr 1) Y ’ (k r ) = (I - 190)

The terms 1 and Y ire Bessel funct ions of t he  Ci r- - t iii ! second
kind , respectivel y . The order is g i v e n  by t I t  j i t  d~~’’ . - - I ) I V V d

V ri Pt V ITi4I
t h e  superscri pt refers to di f fd ’r e nt  it 1011 I - V~~~ i t ‘ 0 the V I F 4 ~~~~~

m e n t .  The term A in  eq u a t i o n  ( S ~~; i s  an arh i i T~ , T i V V t V I ~~~~ r(-pre —
s e n t i n g  the  i n i t i a l  a mp l i t u d e . The f i r-c V I : i - V t h V ! l V j 4 .  I S  f

V

n = 2 and the lowest value of k I ha~ Su t  i - - ) i e s  ( H ~~~ i~ ion ~~ ) ~~approximatel y l.340/r1 mcters ’. Th ’ j ) e r i 4 [  f O S C I l l V l t i O f l  for t h i s
mode (in = () , n = 2) is  25 . 85 hours .

The n u m e r i c a l  s o l u t i o n  of the  fr ed w a v e  in  t li e quart r annul us
is sought  by performing the integration in two d i f f e r e n t  computing
g r i d s .  In one case  the  gr id  is r e c t i l i n e a r  1 i gure 51), and i l l  t he
other  a po l a r  s y s t e m  is used .  In t he  r e c t i l i n e a r  ~~~V stem the o u t e r
and i n n e r  r a d i i  of the an nu l u s  ( t h e  l i ght  l i n e  in F i g u r e  5 1) i s  s i m u -
I a t c V d i n  a s t a i r s t ep  fash ion . C o n s i d e r i n g  a l i m i t a t i o n  on computer
t i m e  and storage , an accep tab le  r e n d i t i o n  of the  curved bounda r i e s
i s  p resen t  i n  t he  Ca r t e s i an  g r i d .  Proper r ep r e s e n t a t i o n  of th e
q u a r t e r - an n u lu s  r equ i res  a t ranspor t  po in t  at corners on the eo~~
-7fl~ ~r im -

~~~ 1- - - - ’oo J ~ 7 r  -c .  Consequent l y ,  the  rect  i i  in ear  boundary is not
symmetr ic  about r/4. The locations of n i n e  h ydrograp h p o s i t i o n s  are
i n d i c a ted by small boxes. Although the computing grid is 43 by 43 ,
onl y 1 ,052 p o i n t s  are used to represent  the  a n n ulu s . In t h i s  g r i d
s y s t e m , -~S~ and A VI V * are j u st Ax and ~y , respect ivel y ,  w i t h

Ay = 1~
) .65 k i l o n i t - t e r s . The m a x i m u m  a l l o w a b l e  t i m e  st ep  as

d e t e r m i n e d  from e q u a t i o n  (62) is approximately 700 seconds where F
= = 1. F i n a l l y ,  t h e  ana log  form of t h e  long  wave e q u a t i o n s is
t i m ed by setting those terms in equations (55) t h rough  ( 5 7 )  to

zero which are neglected , and setting F , , and v to one. The
transport s , Qs* , Q.~ , are now aliases for Q and Q
respectivel y.

The numerical al gorithm for the rectilinear grid system must lie

capable of determining if a computational point is interior ,
exte r i o r, or on the boundary of t he  annu 1 us . For ext erior p o i n t s , no
calculations are- performed . Grid po in t s  on the s ta i r s t e p  boundary
requi re sp ecial attention subject to the condition of a wall.
Furthermore , the numerical program must identify and apply the appro-
priate wall condition depending on whether the point in question is
loc ated at a boundary corner (an H computation) or on a segment ot
th e boundary . Clearly, extensive programing and computer time is
requ ired to accomplish this ta sk.

The other computing mesh which is used for obtaining the numerical
solut ion of the free wave in the annulus is the polar (or stretched
shelf coordinate) grid sotem (Figure 52). The transformation
to the computing grid as shown in Figure 53 is accomplished
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Figure 51. Rectilinear grid representing the annulus ;
location of hydrographs shown by (0).
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Fi gure 52 . Pola r g r i d  ‘~ -p u-sentiflg the a,inulits;
101/it I on of hydrographs show n by ( o)
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4 with ~~= v = l , and

- I ~ (r~ + (j 
- 

2) 2 ~T*~]½F(i,j) = J] (91)

i - 1,2 45 ,

j - 2,3 - 22

/
where AS* = 21.05 kilometers and t~T~ = 19.65 kilometers . Approxi-
mately the same number of computational points are employed in this
system as that of Figure 51. The actual area of the annulus is well
represented in both computing grids. Although the inner and outer
boundaries are straight—line segments in the numerical grid sense,
the portrayal of the annulus is certainly more representative than
that shown in Figure 51. The positions of nine hydrographs in
Figure 52 (denoted by large dots) correspond to the hydrograph posi-
tions in the rectilinear grid system. For the polar system, the
maximum numerical time step is approximately 600 seconds. As a
practical note, the stretched shelf coordinate system, although re-
quiring less sophisticated programing and allow ing better physical
and mathematical portrayal ot the boundaries, generally results in
a smaller numerical time step than a rectilinear system of comparable
scale.

2. Results.

For comparison purposes, a time step of 540 seconds is used in
both grid systems for the numerical solution. As noted above, the
polar grid program should compile and execute faster on the computer
than the rectilinear grid program. On the IBM 360/65, the polar
grid program required 0.47 minute to compile and 0.39 minute per
100 iterations. For the rectilinear system, the program consumed
0.59 minute to compile and 0.61 minute per 100 iterations.

The initial surface elevation condition which is imposed on both
grid systems is that ~H/~O is a constant . For the rectilinear grid
system ,

.4 — i  (3__—H(i,j,0) = .1 — — tan 1
~ 

- 
(92)

where only the i , j  indices appropriate for the annulus are employed
in the øoove relation. For the polar grid system, the same initial
surface condition is determined as:
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*
H(i , j , 0) = .1 + .2 (i — 1) , (93)

i = 1,2 ... 45
j = 2 ,3 - 22 -

The initial condition of constant azimuthal slope and no radial vari-
ation of H along a line of constant 0 implies that there are
several modes of seiching present; however, the dominate mode is for
m = 0 and n = 2. This is indicated by Figures 54 and 55 which show
the simulated surface topography at 27 hours in the recti linear and
polar grid systems , respectively. The solution in the polar grid
is more representative of the analytical solution than that shown
in the Cartes ian system.

The hydrograph at 0 = 00 and r = r1 is shown in Figure 56 (a)
where the water elevation as determined from the polar grid is the
solid line and that from the rectilinear mesh is the dashline.
Figure 56 (b,c) shows the hydrographs along 0 = 0° for r = rm(the average radius of the annulus) and r = r2, respectively. The
three hydrographs along 0 = w/2 and the same r positions are shown
in Figure 57 (a,b,c) and along the nodal line by Figure 58 (a ,b,c).
The average period of oscillation as determined from the hydrographs
of Figures 56 and 57 is approximately 26 hours in the polar system
and 28 hours in the rectilinear grid. The error in the period of
osc illation (about 8 percent) for the rectilinear system is most
evident in the figures by noting the lag of the dashline with
respect to the solid line . The longer period of oscillation is
directly related to the stairstep boundary. Effectively, the length
of the basin is increased by the reflections introduced by these
boundaries. This distortion is more than academic since many recti-
linear grid models of enclosed irregular bays require adjustments
to reproduce the fundamental seiching mode.

The analytical solution at any point is a smooth function of
time . The solid lines in the various hydrographs portray this
feature better than the dashlines which are contaminated by high-
frequency spurious oscillations. The nodal line in the polar grid

• solution as evidenced by Figure 58 (a,b,c) remains fixed at 0 = tr/4
which agrees with the theory. This is not observed in the recti-
linear system. Although the hydrographs in the rectilinear grid
are not positioned exactly on 8 = 1T/4 (actually, about 44°) ,  the
magnitude of the oscillation about 1T/4 is approximately 2 to 4
times larger than expected.
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V. STORM SURGE SIMULATI ON

1. h urricane Carla.

Hurr icane Carla was an immense , slow-moving , and meander ing storm
• which struck the gul f coast south of Port Lavaca , Texas , at 2000 G.m .t.

on 11 September 1961. The radius to maximum winds was 50 kilometers .
The atmospheric pressure drop across the storm was 75 millibars . The
maximum sustained winds were approximately 51 meters per second .

For numerical s tabil i ty a time step of 180 seconds was used in the
computations . The surge s imula t ion  was performed for a 66-hour period
from 1800 G~m .t .  on September to 1200 G . m .t  on 12 September. The
boundary conditions are those given in Section III. The wind fields
are analytically deformed in a manner previously discussed . The ob-
served (squares) and computed (solid line) water levels at selected
gr id points along the coast are shown in Figure 59. The observed
water levels have been corrected for the astronomical tide . At the
start of the computations , the water surface along the coast from
Sabine Pass to the Matagorda Bay area was elevated by approximately
1 meter. Consequently, for comparison the computed water levels
have been raised to correspond to the local sea level condition . The
water surface topography in 0.5-meter contour increments at 46 , 50 ,
and 54 hours are shown in Figure 60. The computed maximum coastal
surge profi le corrected for the astronomical tide is presented in
Figure 61. Indicated on the figure are the observed high-crest values
from tide gages and water marks. The depression of the water surface
to the left of the storm track (as viewed from the sea) and the
low-peak surge in the Aransas Pass area results from the offshore
wind and from simulating the coast as a wall. It should be emphasized
that the surge model does not cons ider the coastal flood ing from the
shelf surge nor includes the influence of the increased communication
between the semienclosed bays and the open sea. While the computations
agree fairly well with those observed for the peak coastal surges,
especially for the area to the ri ght of storm landfall , and for the
Galveston hydrography, there is some d iscrepancy for regions far from
the storm track such as Sabine Pass. This might be attributed to the
problem of proper deformation of the wind field (both speed and
direction) to reflect the influence of land.

Considerable erosion of beaches and adjacent offshore areas along
• the Texas coast occurred during Hurricane Carla (U.S. Army Engineer

Dist r ic t , Galveston 1962). Figure 62 shows the water velocity
v = Qs*i + ~.*5) / ~ in centimeters per second at selected grid pointsfor the same times as that in Figure 60. Of practical importance in
assessing the erosion potential and transport of the material is the
alongshore current, Q

~*/~ 
. In shallow water, the current is uniform

from the surface to the sea bed. Values of the current in centimeters
per second as a function of time at selected grid points are presented
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4

in Figure 63. Also given is total transport in 106 cubic meters per
second as a function of time across the transect lines indicated in
the figure.

2. Hurricane Camille.

Hurricane Camille traversed the extensive low-lying marsh area
of the Mississippi Del ta , moving over the shallow waters of Breton
and Chandeleur Sounds for 4 hours prior to l andfall near Bay St.
Louis , Mississippi, at approximately 0400 G.m.t ., 18 August 1969. The
radius to maximum winds was about 37 kilometers . The atmospheric
pressure .drop across the storm was 90 millibars . The maximum sus-
tained winds were approximately 60 meters per second with the highest
wind gusts estimated at 90 meters per second.

The surge simulation extended over a 48-hour period beginning at
0000 G.m.t. on 17 August . A time step of 60 seconds was selected for
numerical stability. The boundary conditions are the same as those
used in the Carla simulation . The Camille --inds are analyticall y
deformed as shown in Figures 43 through 45. The bottom drag coeffi-
cient was increased to 5 x at computational grid points in the
area bounded by 6 < i < 11 and 14 < j < JM to simulate the larger
resistance associated with the low flooded marsh lying northeast of
the simulated Mississippi Delta (see Figures 28 and 65).

Figure 64 shows the observed and computed water levels at se-
lected grid points along the coast. At Pascagoula , Mississipp i , the
water level increased from 2.2 to 4.5 meters in a 2-hour period
indicating a strong convergence. In fact, the simulated hydrography
at the approximate location of the maximum surge (Bay St. Louis)
showed a similar convergence with the sea level rising from 2.9 to
7.0 meters in the same time period (figure not presented). The water
surface topography in 1-meter contour increments at selected times
from 24 to 36 hours illustrating the surge development is shown in
Figures 65 through 73. The effect of the delta , modeled as a wa l l
protruding from the coas t, is visible in these f igures by the presence
of high water along the eastern side of the wall. The track of the
storm with respec t to the delta is such that the circulation is
inhibited in this area resulting in the setup . The water velocity,
V , at the selec ted times and grid points as shown in Figure 74 are
in accord with these observations. The computed maximum coastal
surge envelope east of the delta presented in Figure 75 shows that
the calculated peak sL rges are approximately that observed in the
Gulf port to Pascagoula area (U.S. Army Engineer District , New Or leans ,
1970). A test run employing a constant wind-stress coefficient, K
of 3 x l0 6 with the same boundary condit ions produced a similar
maximum surge envelope. There is qualitative agreement between the
observed and predicted surge envelopes . This is shown by the rela-
tively low water elevation of 2.7 meters near Hopedale, Louisiana ,
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in the marsh area south of Lake Borgne , and a high water mark of 4 .8
meters along the eastern side of the Mississ i ppi River  levee . A
part of the discrepancy between the observed and computed surges re-
sults from not considering the flooding of low coastal areas and the
open communication of Mississippi Sound with Lake Borgne which is ,
in turn , connected with Lake Pontchartrain. The tide gage at Shell
Beach located on the southern end of Lake Borgne crested at 3.4

• meters . Another test s imulation was conducted w i t h  the hurricane
track moved 18 kilometers to the east. The resu l t s  showed greater
seaward circulation in Chandeleur Sound reducing the setup along the
levee by ~ipproximately 1.5 meters . The location of the peak surge
was shifted to the east but the surge magnitude was not reduced .

3. Hurricane Gracie.

Hurricane Gracie crossed the coast near Beaufort , South Carolina ,
at 1600 G.m .t . 29 September 1959. The radius to maximum winds was
25 kilometers . The atmospheric pressure in the eye was 950 millibars .
The maximum sustained winds were approximately 50 meters per second .

A Cartesian grid for simulating the surge caused by Gracie is
shown in Figure 76. The reach and grid spacing of this system are
comparable to the curvilinear grid shown in Figure 32. The thin
dashlines are a part of the transform-generated coast and seaward
boundary curve (180-meter depth contour). The surge computations are
performed with both grid systems using the same boundary conditions
and forcing functions. The stairstep boundary representing the coast
is the heavy solid line in Figure 76. Another difference between the
models other than the coastline representation is that the Cartesian
system ’s boundary , J = 1 ., extends farther seaward into deeper water
than that of the curvilinear system .

For numerical stability a time step of 150 seconds was used in
the computations with the curvilinear grid. The time step in the
rectilinear system was taken as 75 seconds. The surge simulation was
performed for a 48-hour period with zero hour corresponding to 1200
G .m .t . on 28 September.

The observed and computed water levels along the coast in the
curvilinear (solid) and rectilinear (dashed) systems are shown in
Figure 77. The inserts on Figure 76 show the simulated hydrograph
loc ations. Figures 78 and 79 present the water surface topography in
the curvilinear and rectilinear grids , respectively, at the same times
and for the same contour increments. The depression of the water
surface to the left of the storm track exhibited in both figures is
similar to that from the Carla simulation . At the Savannah River
entrance , the observed water level corrected for the astronomical
tide is depressed after 27 hours reflecting the offshore-directed
wind . The effect on the coastal surges and water surface topographies
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Figure ~8, Computed water surface topography in O .S-meter con-tour increments for Hurricane Gracje at 24 (a),28(b), and 32 hours Cc) in the curvilinear grid.
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resulting from the stairstep portrayal of the coast boundary are
shown through the comparison of Figures 78 and 79. The curvilinear
model shows the maximum coastal water level at the time of landfa l l
of approximately 3 meters whi le  the Cartesian system predicts 4
meters . Furthermore , the peak surge of 4.5 meters in the Cartesian

• system occurred at the corner point (22 , 19) over 2 hours after
storm lan d f a l l .

The water velocity , V , from the curvil inear system is presen ted
in Figure 80. The figure also shows the development of a cyclonic
current in the region from Cape Romain to Cape Fear resulting from
the curved coas tline and the extensive Frying Pan Shoals off Cape
Fear. A similar current pattern is not observed in the rectilinear
system .

The computed high water envelopes from both grids are shown in
Figure  81. The stairstep rectilinear coastline is projected upon the
curvilinear coastline providing a common basis for the comparison .
Both systems predict a maximum surge comparable to that of the near-
est observed high water mark . The effect of the rectilinear coast-
l ine ~~ i the surge envelope is seen in the figure by the rela tive
water level maximums at the interior corner grid points. The pri-
mary contrast of the coastal envelope of computed surges in the two
different grid systems is the greater variability of that from the
rectangular grid. This leads to spurious results as can be seen
part icular for Savannah River.
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selected grid points  for Hurr ican e Grad e at 24 ( . s ) ,
28 (b) , and 32 hours (c) in the curvilinear grid.
See Figure 5 for identification of capes referred to
in the text . —
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V I .  SUMMARY AND CONCLUSIONS

The development of the conformal mapping problem was completed
for transforming the interior region bounded by two arbitrarily
shaped curves and two parallel lateral boundaries into a rectangle
in the image plane . Specifically, the coastline and seaward boundary
curve taken as the 180-meter depth contour are transformed into the
image plane as constant values of n . The bicurve fitting procedure
was successively tested on five regions of the Continental Shelf in
the Gulf of Mexico and east coast of the United States. The distinct
advantages of the orthogonal curvilinear coordinate system over
rectilinear representations of the coast are the accuracy and ease
of specification of the boundary conditions. For long wave calcula-
tions , the numerical simulation of a free long wavelength gravity
wave in a quarter annulus demonstrated the superiority of modeling
the boundaries in curvilinear coordinates.

A two-dimensional time-dependent numerical storm surge model
employing orthogonal curvilinear coordinates is presented . Since
the transformation is conformal , the associated modification of the
equations is minimized . The final coordinates allow for the greatest
resolution near the coast over the area of principal storm surge
development and modification . A second transformation is performed
independently on each of the curvilinear coordinates to provide the
desired spatial resolution in the shallower region near hurricane
landfall.

Results of the numerical simulation in transformed coordinates
of the storm surges along the gulf coast induced by Hurricanes Carla ,
Camill e, and Gracie which crossed the east coast are presented . The
surface wind fields are analytically represented . Additionally, a
systematic procedure is employed to deform the symmetric wind fields
of Carla and Camille in the nearshore region . The deformed Carla
wind representation produces better agreement between the computed
surges and that observed than a similar simulation with a symmetric
wind . Although the pattern of w indspeeds produced by the deformation
procedure is in good agreement with those provided by NWS, the
problem of specifying the proper orientation of the wind-stress
vector in the nearshore region requires further study .

The surge simulations indicate that the model produces results
in good agreement with the observed peak surges and hydrographs ,
especially in the area to the right of landfall. Moreover, the
results from the simulation of the Hurricane Gracie surge indicate
superior rendition in the curvilinear grid compared with that of the
Cartesian grid. Certainly one contributor to any discrepancy between
computed and observed water levels may result from the portrayal of
the coast as a wall. Proper inclusion of attached bays, lakes , and
flooding of low-lying areas should be pursued . 
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APPENDIX A

CONFORMAL MAPPING COEFFICIENTS

FOR ThE

GULF COAST REGION FROM ATCHAFALAYA BAY TO APALACHEE BAY

= 0.1991531E 02

B 0.1129102E 03
0

A = 317.5

n B Cn n

I -0 .1861-917E 02 —O .2 0 13675E 01
2 ~-O .28O4652 E 02 O.6239547E 01
3 0 .6403131E 01 —0 .5958148 E 01
4 —0.2530 149E 01 O .5 130100 E 01
5 O.153 112 1E 01 0.2273190E Cl
6 0 .1498879 E—O 1 O.3512568E 0 1
7 —0. 4 c531l8E 00 —0 ,1606539E 01
8 — O. 1035305E 01 0.1 131842E 01
9 —0 .2334446E 00 —0 .6252772E—01

10 0. 5907305~ — 0 l  0.6906291E 00
11 O.4296697E 00 —0 .1417943E 00
12 —0. 2997332E— 0l 0 .1326714E—0 1
13 0. 43 10032E— 0 1 —C.2609431E 00
14 —0 .6075356E— 02 0 .16 16244E—0 1
15 0.1117075E 00 —0.4~~99038~~—0 1
16 0 .5209380 E— 0 1 0.7586825E—01
17 0 .7516444 F— 02 —0 .2902573E—0 1
18 —0 . 199732 1E—0l  0 .3440 024E—0 1
19 —0 .5793062E—03 — 0 . 3 3 9 44 1 5~ — 0 1
20 0 . 134 4 18 3 E — 0 1  0.2085055E—01
21 0.1558 170 E—0 1 -0 .53093~~2E—02
22 0.335775~~E—0 2 O.1572620E—0 l

Note: all quantities are in x ,y units.
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‘4
n B C

n n

23 0.4536543E—02 —0.4705735E—02
24 — 0 , 6 7 6 7 0 1 2 E— 0 2  0 .4 4 4 9 1 8 9 E —0 2
25 0 .5 65 0 9 39 E— 0 3  0.15~ 1801 E—02
26 — O . 3 9 92 9 6 0 F — 0 2  0 . 6 9 1 5 8 5 2 E — 0 2
27 0. 2 9 0 52 52 E — 02  0.2~~7 O 4 2 7 E — O 2
28 —0.5924194E-03 0.3155482E—02
29 0.3964610E—03 —0 .1662592E—02
30 — 0 . e7o9s35 E — o 3  0 .5 5 5 00 52 E — 0 3
31 0 .4 l 489~~3 E— 0 3  — 0 . 1 2 2 4 3 2 5 E — 0 2
32 0. 449 7680E— 03 0 .126 1866E—02
33 0.5558960E—0 :!  — 0 . 2 6 5 3 0 4 0E— 03
34 —0.4 054087E- .03 0 .4 5 5 4 7 3 3 E— 0 3
35 —0.2529798E—03 —0 .5726672E—03
36 — 0 . 2 8 13 2 8 8 E — 0 3  0.5050778E — 04
37 0.3256833E—03 —0.1838352E—03
38 0 .1094 875 E— 0~ 0. l 940 E36E—03
39 O . 13 4 3 7 0 5 E — 0 3  — 0 . 1 79 04 1 8 E — 0 3
40 —0. €795955E—04 —0 .2377543E—04
41 — 0 .e 4 43s 34 F— o s  — 0 . 1 6 6 1 8 0 4 E — 0 3
42 — 0 . l 6 l l 8 0 9 E — 0 4  0 .9 141980F—04
43 0. -44 5532 9 E—04 0 .58422C9r—05
44 — O .2 12 9 7 8 3 E — 04  0,6875678E— 04
45 —0 .1393920E—05 —0.3022245E—04
46 — 0 . 3 8 4 9 6 0 7 E— 0 4  0 .5177958E— 05
47 0. 14274 32E—04 —O ,127295 2E—04
48 —O. 3~ 9254 l~~- C ~ 0.1886662E—04
49 0 .1366723 E— 04 — 0 , 1 5 14 8 1 9 E— 0 5
50 —o. c7 729gsE— os 0 . 1 1 14 4 0 8 E— 0 4
51 —0.3 762842E— 0~ — 0. 7410708 E— 05
52 —0.7610149E—05 0.6834680F—05
53 0. P511489E— 06 —0 ,,3662432E-05
54 —0 .82 l928~~E—06 0 .501988 1E— 05

0.25$8446E—05 —0,2587597E—05
56 —0.1645242E— 0~ 0.7941880E—06
57 0.9023091E—06 —0.2933107E--05
58 —0.1668636E—05 —0.7180398E—07
59 0.8869575E—06 —0.91l4828E— 06
60 —O.479931qE—06 0.1067656E—05
61 O,~~261487E— 0~ —0,4895755E— C6
62 —0.5237882E—06 0.2304607E — 06
63 —O .4759656E-07 —0.8925043F—06
64 —0.2598815E-06 0.1912503E—06
65 0.3213941E—06 —0.2104335E—06
66 0.293CR04E—O7 0.3730255t— C6
67 0. l02O ( .~38~~— 06 — 0 . 1 4 1 7 0 3 0 E — 0 8
68 —0.2422100E—06 0.59l6811~~—07
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n B C
n n

69 — O . 5 8 8 0 1 6 0 E — 0 8  — 0 . 1 2 7 6 7 4 4 E — C 6
70 —0.4626(84E—07 0.1424694E—06
71 O .115369OC— 0~ 0.1719058E—07
72 -O.1692220F—01 O.Rs8O5~~cE..07
73 0.6679772E—09 —0. ’~~68 R3O E—07
74 —0.4858599E-07 0 . 16 9 8 34 P E — C 7
75 0.2245889E—07 — O . 2 0 6 2 5 5 1 E — 0 7
76 0.482953t3E—OA 0.5085036E—07
77 0.2210185F—07 —0.289526lE—08
78 —0 . 1 637371E— 07 0 .1013 160 E— 07
79 0.5777583E—oc — O . 1 9 6 0 4 3 0 E — 07
80 —0.6394433F—08 0.8530744E—08
81 0 . 1 1 82 4 9 0 E — 0 7  — O .2 0 3 8 0 0 7 E — 0 P
82 0.6501393E—09 O,9465726E—Oe
83 0.2608579E—08 —0.6092815E—08
84 —0.4322956E— 0~ 0.1981510E—08
85 0.1574734E—08 —0.3446277E—08
86 —0.4726193E—10 0.4146546E—08
87 0.2415840E—08 —0 .9092067r—09
88 —0.I000S8SE—08 0.1491153E—08
89 0.6742753E—05 —0 .140P612E—08
90 —0,6728380E—09 0.1087402E — 08
91 0.1012167E—0e —0.1879313F—09
92 —0.3016696E—09 0.91631C9E~~09
93 0. 3236860E—09 —0.349671 8E — 0 9
94 —0.3145593E—Oc o.4997Oe3E—09
95 0.3353653E—O9 —0.,1249788E—09
96 —0 .3262997F—10 0.4405611E—09
97 0.1631445E—09 —0.150i64tE—09
98 —O.1375170E—09 0.1637698E—09
99 0.107299cE—0c —0.9262S71E—10

100 —0.1384905E—11 0.1895707E—09
101 0,1 086742~~—0 9 —0 .166347eE—IO
102 —0.5080765E—10 0.6890670E—lO
103 O .1376387E—1O —O.7510520E—10
104 — 0 . 2 2 7 7 7 4 3 E — 1 0  0 . 4 3 4 6 5 0 1 E — 1 0
105 0 . 5 4 5 9 1 4 6E — I 0  — 0 . 7 5 9 8 0 9 1 E — 1 l
106 0. 53 7 0 5 17 E — l 1  0 . 46 6 4 8 7 7 E — lO
107 0. 1 3 5 5 9 4 1 E — 1 0  — 0 . 2 4 2 5 6 3 € E — l 0
10 8  — O . 2 4 2 2 2 1 0 E — l 0  0 . 4 7 06 7 5 0 E — 1 1
10’~ 0. 7 5 5 C 7 0 5 E — 1 1  — 0 . 1 4 3 4 7 7 4 E — I 0
1 1 0  0 . 3 36 8 4 7 0 E — 12  0 .2 0 1 0 9 5 5 E — 1 0
1 1 1  0 . 1 4 47 2 5 4 E — 1 C  0 . l 0 5 0 8 6 6 E — 1 1
112 — O . 5 194 694 E- l1  0 . 7 l 5 0 3 1 1 E — 1 1
1 1 3  — 0 . 4 3 6 4 3 6 8 E — l 3  — 0. 9 0 7 3 6 7 7 E- 1 1
£14 —0.4752083E—11 0.3138752E—1l

135

\
.5 ,

~~~~~~~~~ 
‘ 

~~~~~~~~~~~~~~~ ~~~~~~~~~~
- . 5 -

- -



- -  -

fl B C
n n

115 0.4553522E—1l —0.6452875E—12
116 0.7602034E—12 O .6237037E—11
117 0 .1944547E—11 — 0 .1114412E— 11
118 — 0 .2436083E—11 0.1234543E—11
119 0.1917147E—l 2 —0 .1740079E—1 1
120 —0 .4928470E—12 0.1649892E—11
121 0.1484346E—11 0.5327387E—13
122 —0. 1348819E—1 2 0.1120676E—11
123 0.3641300E—1 2 —0.5990049E—12
124 —0.5487838E— 12 0.2460370E—12
125 0.2406558E-12 —0 .3448143E—12
126 — 0 .7911185E—1 3 0.4439149E—12
127 C~.317958 1~~— I 2  — 0 .5831951E—1 3
128 —0 .8611943E—13 0.2390251E—12
129 0.7238470E—13 —O.1814728E—12
130 —0.136 1 322E—1 2 0.5573903E—13
131 0.6817892E—13 —O.9745736E—13
132 —0 .1436969E— 1~ 0.1152394E—12
133 O.8566666E—13 — 0 .1163015E—13
134 —0 .3499625E—13 0.5682837E-13
135 —0 .7835616E—1-5 — 0.5510710E—1 3
136 —O ,4394792E— 13 0.1780100E—1 3
137 0.23494 1 9E—12 —0 .12725S9E— 13
138 0.4395810E—14 0.4233778E—13
139 0.1976828E—13 —0 .3616127~~— 14
140 — 0.1687651E--13 0.7731344E—14
141 —O. 1897316E-14 —0.1672038E—13
142 —0,C 781451E—14 O.0221180F— 14
143 0.1174166 E— 13 0.2324292E—14
144 0,e883079E—15 0.1088460E—13
145 0 .2116535E—1 4 —o.4276co8E—14
146 -0,5574005E—14 0.4950588E—15
147 0.1321551E—1 4 —0.3220331~~— l4
148 O.5106463E—15 0.4241152E—14
149 0.3148336E—14 0.2514837E—15
150 —O. 8159l13E— 1~ 0 .1642e5lE— 14
151 0.4507668E—16 — 0 .1803004E— 14
152 —0 .1 C82406(—14 0.5420030E—l5
153 0.9193219~ — I5  —0.2248083E~— 15
154 O .2152137E— 16 0.1072704E—14
155 0.~~440535C— lE —0.2019489E—15
156 —O.4207780E—15 0.2787050F—15
157 0.l24 0553E—15 —0.3249225E—15
158 — 0 .1809934E—15 0.2896084E—15
159 0.2134241E—l5 —0.6586600E—16
160 —0. (41aq6~ F— 1~ 0.2533124E—15
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pr - —

.

n B C
n n

115 0 .4553522E—11 —0.6452875F-12
116 0.7602034E—12 O.6237037E—11
117 0.1944547E—11 — 0 .11144 12 E—1 1
118 —0.2436083E—11 0.1234543E—i1
119 O .1917147E—12 —O.1740079E—l1
120 —0.4928470E—12 0.1649892E—11
121 O.1484346E—l1 O .5327387E—13
122 —0. 1348919E—12 0.1120676E—11
123 0 . 3 6 4 13 0 0 E — 12
124 —0.5487838E—12 0.2460370E—12
125 0.24O6558~ -l2 —0.3448143E—12
126 — 0.7911185E— 13 0 .4439149E—12
127 0 . 2179 5 8 1 E — 1 2
128 —0.8611943E—13 0.239O251F~— 12
129 0.7238470E—13 —0 .1814728E—12
130 —0 .1361 322E—12 0.5573903E—13
131 O .6F31?892E—13 —O .9745736F—13
132 —0. 1436969E—13 0.1152394E—12
133 O.8566666E—13 — O. 1163015E—1 3
134 —0.~~499625~Z—13 0.5662837E—13
135 —0.7835616E— 1~~ — 0 .5510710E—13
136 - 0 . 4 3 9 47 92 E — 1 3
137 0.23494 1 9E—13 —0.1272599E— 13
138 0 . 43 9 5 8 1 0 E — 1 4
139 0.1976828E—13 —0.3816127E—14
140 —0.1687651E-ll 0.7731344E—14
141 —0 .1897316E—14 —0.2672038E—13
1*2 —0.t7R1451E—14 0.9221180E—14
143 0.1174166E—13 0.2324292E—14
144 0.€883079E—15 0.1088460E—13
145 0.2116535E—]4 —O.4276968E—14
146 —0.5574005E—14 0.4950588E—l5
147 0. 1321551E—1 4 —0 .3220332E—14
148 O.5106463E—15 0.4241152E—14
149 0.3148336E—14 0.2524837E—15
150 —0.8159113E—1F 0.1642e51c—14
151 0.4507668E—16 —0.3803004E—14
152 —O.1C82406E—14 0.5420C30E—15
153 0.919321QE—15 —0 .2248083E—15
154 0.2152137E—16 0.1072704E—14
155 0.!440535E—15 —0.20194P9E—15
156 —0.4207780E—lS 0.2787050F—15
157 0. 1 24 0 5 5 3E — 1 5
158 —0.1’309934r—15 0.2896084E—15
159 0 . 2 1 3 4 2 4 1 E — 1 5
160 — 0 . f 4 1 4 96 & ~— 1 - ~
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APPENDIX B

CONFORMAL MAPPING COEFFICIENTS

FOR TH?

EAST COAST REGION FROM CAPE KENNEDY TO PA!4LICO SOUND

0.9917248Ej 01

B = 0.7052965E 02

A = 350.0

n B Cn n
1 —0.4282722E 02 —0.6295406E 02
2 —0 ,2821791E 02 —0.2364 755E 02
3 0.1238905E 02 0.1391628E 02
4 0.4424074E 01 —0.7596874E 00
5 —O .4208601!~ 01 —0.2879633E 00
6 —0 .2069723E 00 —0.7998557E 00
7 0.8464327E 00 0.2104794E 01
8 O.3291799E 00 0.1254503 E 01
9 —0.S578854E 00 —0.1&78884E 01

10 —0.2837964E 00 0.1566365E 00
11 o .44eea17E 00 0.8259l~~2E 00
12 —0-,6342903E—02 —0.1633873E 00
13 —0 .2921963E 00
14 0.5386317E-01 0.1499?77E 00
15
16 —0.1305802E 00 —0.1012938E 00
17 0.5479731E—01 0.5412336E—Ol
18 0.1251435E 00 0.1918038E 00
19 —0.2086312E 00 — 0.1557431E 00
20 0.1l79140E 00 0.1029936~ 00
21 —0.11451 89E 00
22 0 .2414525 E — 0 3  0 . 33 3 0 4 5 6€ — C 1

Note: All quantities are in x ,y units.
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n B Cn n

23 0.8573616E—01 0.9928739E—01
24 —0.7312429C—Ol —O.8458531E— 0l
25 0.2609131E—0 1 0.4790343E—01
26 —0. 1153731E— 0l 0.7979628E— 02
27 —0 .4611936E— 01 —o .54189c ’3r—0 1
28 0.4978760E—0l 0.5558310E—01
29 —0.2400338E--01 — O.1138851E—0 l
30 0.1476795E—04 —0.3498875E—02
31 0.1241791E—01 0.2114711E—01
32 —0.2015296E— 01 —O .1866217E—01
33 —0.3106954E—02 —0.3141602E—02
34 0.1246096E—01 0.1 712414E— 01
35 —0.8497261E—0 2 —0 .7135786E—02
36 0.1999057E—02 0.3350719E—02
37 0.7288672E—03 0.1991504E—02
38 —0.4637495E.-02 --O.4495025E—02
39 —0 .1242511E-02 0.2243265E—C2
40 0.349487lE—02 0.2640330E—02
41 —0. 2765389E— 02 —0.2747552E—02
42 0.1414528E—02 0.3619528E—02
43 —0.1092573E—02 —0.9984830E—03
44 —0.9259579E—03 —0.987’9367E—03
45 -0.5194661E—03 0.2608439E—03
46 0.101 8548E—02 0.1251844E— 02
47 —0.1744783E-03 0.4048508E—03
48 -0.7579974E—03 —0.9583365E—03
49 —0.7027556E—04 O.3260e49E—03
50 0.4199664 E—0 3 0.eo7ccc6E—03
51 —0 .7979686c—03 —0.9469851E—03
52 0.3l07551E—03 0.4-6455c5E—03
53 —0.8603580E—04 0.2324108E—03
54 0.2109174E—03 O.161 058~E—03
55 —0.7456832E—03 —0 .6130417E—03
56 0.4462914E—03 0.5053631E—03
51 0.1591920E—02 0.2789015E—03
58 —0.4656487E—03 —0.4364236E—03
59 —0.1767847E— 04 —0.3461981E—05
60 0.3108399E—03 0.3941085E—C3
61 —0.2931331E—03 —0.2285753E—03
62 0.9328236E—04 0.63772C4~ — 04
63 —0.,1720886E—04 0.3975330E—04
64 —0 .2056900E—05 0.3830773E—04
65 —0. 1169271E—03 —0 .1068096E—C3
66 0.4905240E—04 0.4872639E—04
67 0.157ci664E—04 0 .5831511E—04
68 0.3167627E—04 0.4053138C—04
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n B C
11 n

69 —O. 6564516E—04 — 0 .6221421r— 04
70 —O.1748351E—04 —0.69761386—05
71 —0.36654966—04 —0.14728256—04
72 0.1004376E—03 0.98847776—04
73 —0.65443786-04 —0.5987761r—04
74 —o.c563962E—0s 0.51128656—06
75 0.2498129E—04 0.34708’336—04
76 —O.4729294E—O 5 —0.96278956—05
77 —0 .’541350E~-04 —0.46611796—CA
78 0.33054526—04 0.38554786—04
79 0.3570346E— 04 0.3692045E—04
80 —0.1589919E—04 —0.15108796—04
81 —0.6349276 6—04 —0.5784341E—04
82 0.50241176—04 0.5088720E—04
83 0.89366798—05 0.11055136—04
84 —0.29851046—04 —0.2949389E--C4
85 0.17939476—05 0.54326136—05
86 0.26843076—04 0.2892528E—04
87 —0.22891156—04 —0.22266056—C4
88 —0.16792106—04 —0.1523216E—04
89 0.17700006—00 0.19141236— 04
90 0.16853046—04 O .1635740E—04
91 —0.26744956—04 —0.25167686—04
92 0.47920716—05 0.50867C7E—05
93 0.7401914E_05 0.81271846—05
94 —0 .~~577534E— 0~ —0.5464997E--05
95 —0.29722638—05 —0.2235201E— 05
96 0.74479466—05 0.7659644E—05
97 —0.31688956—05 —0.27461206—05
98 -0.13562758—05 —0 .12114098—05
99 —0.26090076—05 —0 .2086289E—05

100 0.36754526—05 0.3609181 8—05
101 —0.10767166—05 —0 .68833666—06
102 0.55501388—06 0.6827090E—06
103 —0.41929288—06 —0.1706489E—06
104 —0 .11960236—05 —0.1206698E—05
105 —0.83458 946—06 —0.58469616—06
106 0.31159646—05 0.32202466—05
107 —0.21675566—05 —0.2048756E— 05
108 —0.17153216—06 —0.1886759E—06
109 0.917042lE— 0~ 0.1148447E—05
110 0.1282769 8—06 0.13475216—06
111 —0.21306996—05 —0.20572376—05
112 0.1366156E—05 0.14065258— CS
113 0.11289598—05 0.12340056—05
114 —0.10288006—05 — 0.101 08518— o5 —
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fl B C
n n

115 — 0.13134485—05 —0 .12463246—05
116 0.15569636—OS 0.1 5689676—05
117 —0.843634QE—08 0.67168576—07
118 —0,7523938L--06 —0.75464716—06
119 —0.16227938—06 —0.11132046—06
120 0.1139069 8—05 O ,115C875E—05
121 —0. 65276026—0 6 —0 .6168775r—Of ,
12? —0.74967356—06 — 0 .73927056—06
123 0.72585876—06 0.75807506—06
124 0.52217646—06 0.52330026—06
125 —0.96128958—06 —0 ,9294666L—06
126 0.2009010F—06 0.20255726—06
127 0.~~O99258E—06 O.3316641E—C6
128 —0. 10676256—06 —O .1017822E—0b
129 —0.26026206—06 — 0 .26456216—0 6
130 0.22696616—06 0.23074906—06
131 0.93566836—07 0.10655466—06
132 —0.13957506—06 —0 .13894166— Co
133 —0 .2529258E— 06 —0 ,1394174E—O6
134 0.21556298-06 0.216~~1 C3E~~O6
135 -0.34088436—07 — 0 .2498253E—07
136 —0.24879445—07 —0.227781 d —oi
137 —0.72414486—07 —0.6482588E—07
138 0.6702049E—07 0.6857988E—07
139 0.13881216—07 0.20060246—07
140 —0.41868806—07 —0 .41017906—07
141 —0.390164 15— 07 — 0 ,33114356—07
242 0.10013006—06 0.10054986—C6
143 —0. 42571388—0 7 —0 .38333546—07
144 —0.4805924E—07 —0.47168786— 07
145 0.71350576—08 0.1083663E—07
146 0.74476088—07 0.74937.~,3E—O7
147 —0 .53745786—07 —0.51086616—07
148 —0.27601536—07 —0 .2660881E—07
149 0.37392605—07 0.39585936—07
250 0.16146536—07 0.16279808—07
151 —0. 54490285—07 —0 .52043995—07
152 0.27010486—07 0.2722371E—07
153 O.1~~67296E—07 0.17150076—07
154 —0.12157446—07 —0.11686646—07
155 —0.21495635—07 —0 .20188666—07
156 0.19884876—07 - 0.20199716—07
157 0.39302076-08 0.49385836—08
158 —0.77259446—08 —0.739~~348E— 08
159 —0.92165425—08 —0.81958196—0 8
160 0.15771686—07 0.15779338—07 —
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APPFNDIX C

CONFORMAL MAPPING COEFFICIENTS

FOR TH?

EAST COAST REGION FROM PAMLICO SOUND TO PENOBSCOT BAY

B = 0.21852436 02

B = 0.10455355 03
0

A = 374.0

n B C
II n

1 0.84531776 01 —0.73907106 02
2 —0.25773756 02 0.1146656E 02
3 0.24563778 01 —0.13167296 02
4 —0.40288938 01 0.80890126 01
5 —0.12948925 01 —0.58038396 01
6 0.75177046 00 0.22717225 01
7 —0 .68335935 OC —0.60682856 00
8 0.87992766 00 0.88498535 00
9 —0.56895485 00 —0 ,19886236 00

10 0.47098525 00 0.31539885 00
11 —0 .3505102E 00 —0.14059335 00
12 —0.59086966—01 —0.16112976 00
13 0.11066795 00 0.20470558 CO
14 —0.38384638—01 —0.75706126—01
15 —0.20454635—01 0.3443124E—02
16 —0.2993307E—0 1 —0.4593338E—01
11 0 .55191735—01 0.92012825—01
18 —0.35889448—01 ~ 0.6682453C_01
19 0.25289716—01 0.52968478—01
20 —0.25553905—01 —0.43962468—01
21 0.21583276—01 0.32011356—01
22 —0.2883616E—01 —0.3150356E—01

Note: All quantitics are In x ,y units. —
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n B C
n

23 0.17047236—01 0.19591186—01
24 —0.82184826—02 —0 .T724181r—02
25 0.51792905-02 0.30321196—02
26 —0.3015715E—02 0.19624186—03
27 0.79389255—02 0.48865306—02
28 —0.73564055—02 —0.4 150771E— 02
29 0.21203038—02 0.1651054E—03
30 — 0 .23831036—02 —O .1145616E— 02
31 0.12064596—02 0.45865226—03
32 —0 .41406236—03 O.1666064E—03
33 0.37495286—03 0.1318797E—C3
34 0.41519225—03 0.59956156—03
35 —0.62425186—03 —0 .6716528E— 03
36 0.45160045—03 0.46008596—03
37 —0.11792936—03 —0.87627986—04
38 —0.11050915—03 —0.10555626—03
39 —0 .2618267E---03 —0.22685266—03
40 0.33287086-03 0.29506586—03
41 —0.2192205E—03 —0.16891966—03
42 0.12231456—03 0.83707875—04
43 —0 .82017505—04 —0.3827059E—C4
44 0.12766526—0 3 0.96398136—04
45 —0 .74080376—04 —C.4502C90E— 04
46 0.40227716—04 0.2078711E—04
47 — 0. 6535 1505—04 — 0 . 5 1 0 5 3 3 06— 0 4
48 0 . 6 4 3 6 0 0 86 —0 5  0 . 1 1 4 9 8 4 06 —0 5
49 —0.75330556—05 —0.42036956—05
50 0.30876246—04 O.3067982E—04
51 —0.84488176—05 —0.8395030E—05
52 —0.37371445—05 —0.2279463 6—05
53 0.10954965—04 0.9629463E—05
54 —0.65011596—05 —0.420483 15—05
55 —0.5406307E—05 —C.72332’906— C5
56 —0.22430075—05 —0.3883919E—06
57 0.42385696—05 0.29965936—05
58 —0.16886975—OS —0.52173315—06
59 0.35222378—05 0.28653366—05
60 —0.26362446— 05 —0.20916385—05

0.14680876—05 0.12716186—05
62 —0. 166440 1E—05 —0.1547839 6—05
63 0.16220325—05 0.16690106— 05
64 —0.12300035—05 —0,12462446—05
65 —0.23695716—06 —0.1536769E—06
66 0.66773586—07 O.4681078E—07
67 0,72024045—06 0.79482246—06
68 —0.67964835—0 6 —0 .72708426—Co
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n B C
n

69 0.43622596—06 0.49674636—06
70 — 0 . 1 0 7 6 4 82 E— 0 6  — 0 . 1 4 0 8 4 2 1 6 —0 6
7l 0 . 2 4 59 0 1 9 8 —0 7  0 . 6 84 3 0 4 4 E — C 7
72 —0.8354027E—07 —0 .1090609C—06
73 — O . é 9 6 9 ’~8 3 F — 0 7  — 0 . 4 08 29 5 3 6 —0 7
74 0 . 87 15 3 5 35 — 0 9  — 0 . 13 6 0 9 7 06 — 0 7
75 — 0 . 1 0 9 7 1 12 f : — 0 7  0 . 3 2 0 0 0 26 6 —0 8
76 0 . 79 0 48 2 8 6— 0 7  0 . 7 58 0 6 2 1 6— 0 7
77 0.26043765—07 0.30559795—07
78 — O . A 8 1 7 7 2 3 E — Q 7  — 0 . 4 7 4C 5 7~~r — 07
79 — 0 . 1 O 2 1 67 9 E ~~0i  _ O . 9 5 4 93 R 5 r _ 0 8
80 0.35211895—07 0,37724276—07
81 — 0.52718496—07 —0 .54265c96—07
82 0.22111P8E— 07 O .2568e47E—07
83 —0.76247205—08 —0.99432466—08
84 0.12521966—07 0.15460925—07
85 —0 .49960755—08 —0.6723383E—08
86 0.60990366—08 0.811185€E—08
87 —0 .6119723E—08 —0.7255402 6—08
88 0.61759226—05 0,1-8449C0E—08
89 —0.3125592 5—08 —0.3619169E—08
90 0.56047186—08 0,6055163E—08
91 —0.61587005—08 —0 .6123951E—08
92 0.13936835—08 0.13971105—08
93 0 . 2143 8 7 66 —0 8  0 . 2 3 88 4 78 6 —0 8
94 — 0 .3 3 7 12 8 5 E — 0 9  — O . 4 8 5 83 8 7 E — C 9
95 —0 .30138346—0 9 —0.35220486—10
96 0.1219308E—Oc —0.54347606—10
97 —0.44785355—0 9 —0.2261494E—09
98 —0.26221875—09 —0.368781SE—09
99 O.1349961F—09 0.27473226—09
100 —0 .80127526—10 —0 .14708,34E—09
101 0.14345386— 05 0.21157965—09
102 —0.79446315—10 —0.9777419E—10
103 0.46998015—09 O.4927398E—09
104 —0.39365625—09 —0.38412696—09
105 —0.68826366—10 —O.7195172E—1O
106 0.29809146— 10 0.47375236—10
107 0.6826086 E— 1O 0.58992235—10
108 — 0.11512736—09 —0 .96963016—10
109 0.1011029E—09 0,90925715—10
110 —0.33274746—10 —0.19650715—10
111 0.24313456—IC 0.171 16298—10
112 —0.89472846—11 —0.85250165—12
113 —0. 9061761F—12 —0.38823525 .-li
114 — 0.18969130E—10 —0 .14909556.-10

—
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n B C
El fl

115 —0.70915716—11 —0.798 (3345—11
116 0 . 1 8 2 1 4 5 3 6 — i C  0. 1 9 4 2 6 6 8 6— 1 0
I i ?  —0 . 398 7 4 8 5 5— 1 1  — 0 . 3 1 1 5 7 6 5 6 — 1 1
1 1 8  — 0. c2r,052~~E — 1 i  — 0 . 9 5 7 2 1 1 6 5 — 1 1
119 0.73074095—11 0.6761047E—11
120 0.94872845—11 0.87450275—11
121 —0 .1281272E—IC —0.11531686—10
122 0.54175716—11 0.47035195—11
123 —0. 48542716—11 —0 .38702455— 11
124 0.12729Q55—l1 0.SC345~~6E—1 2
125 —0.81624635—12 —0.2376758E—12
126 0.24387566—11 0.22227516—11
127 — 0 . 1 3 6 4 84 7 6 — I l  — 0 . 1 0 7 8 55 8 6 — 1 1
128 0.7146806E—12 0.66714156—12
129 —0 .43189385—12 —0.32788736—12
130 0.10009465—11 0 .10553026— Il
131 —0 .20526295—11 —0.20625676—11
132 0,6150933E—12 0.7127f,365—12
133 0.4740078E—12 0.42883995—12
134 —0.39357546—12 —0.30390506—12

- 135 0.1734~~B5E— 12 0.12946255—12
136 0.12266 1 3E— 12 0.1 895801E—12
137 —0 ,16249645— 12 —0 .19290006— 12
138 0 . 2 3 7 6 0 18 5 — 1 3  0. 64 4 819 5 6 — 1 3
139 0.1584382E—13 0.3484010E—14
140 —0 .75754295—13 —0 .5707148E—13
141 —0.1601686E—13 —0.1 6981615—13
142 —0.29329336—13 —0 .2245293E—13
143 0.1456976E—12 0.1498009E—12
144 — 0.11474275—12 —0.11428785—12
145 0.2950459E—13 0.35821615—13
146 0.26687615—13 0.2435500E—13
147 —0.20748975—13 — 0.14775q2E— 13
148 —0,2806369E—13 —0.30550965—13
149 0.26753625—13 0.31089885—13
150 —0.247861 35—13 —0.26437526—13
151 0.16503325—13 0 .1933177E—13
152 —0.12264085—14 —0.2 1202015— 14
153 0,70713945—14 0.96497756—14
154 — 0 .c6861738—14 —C.9941355E—1 4
155 —0 .34979945—15 0.37511075—15
156 0.41124306—14 0.4258614E—14
157 —0 .33762506— 14 — 0 .3143469E—14
158 —0 ,36209275—14 —0.33069235—14
159 0.51592576—14 0.514101-55—14
160 —0 .64390035—15 —0.31036565—15
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n B C
El n

161 —0,l S50099L—14 —0.16443776—14
162 0.18893966—14 0.21769936—14
163 —0.1462261E—14 —0.156267811—14
164  0, S 5 S 1 O 1 S E — 1 6  0. 3 0 8 5 16 9 5— 1 5
165 — 0 . 1 8 6 3 6 1 8 E — l 5  — 0. 2 5 6 3 5 3 9 E — 1 5
166 0,49247835—15 0.52323756—15
167 —0.69751176—15 —0.72132226—15
168 0.20731165—15 0.27032325—15
169 0.20384556—15 0.21399175—15
170 O.2677031E—15 0.28740045—15
1 7 1  — 0 . 6 4 3 2 0 3 4 5 — 1 5  — 0 . 6 1 6 2 7 7 2 E — 1 5
172 0.41254465-15 0.40834026—15
173 —0.13032876—15 —0.99252715—16
174 —0.11229345—15 —0.12169835—15
175 0 . 4 7 0 6 5 5 06— 1 6  0.70343766—16
176 0.55621125—16 0.49329926—16
177 —0 .72875175—16 —0.5844C156—1o
178 O . 6 4 5 58 9 7 E — 16  0 . 6 1 7 2 39 1 5— 1 6
179 — 0.18108125—17 0.71767736—17
180 —0.25194575—16 —0.26431645—16
181 —0.25833536—16 —0.20605035—16
182 0.9397427E—17 0.93566556—17
183 0.28499655—16 0.31538786 - 16
184 — 0.43533175—26 —0 .42770735—16
185 0.23429455—16 0.24633115—16
186 0.61633405—11 0.774 39825—17
187 —0.10387898—16 —0 .10571595--16
188 —0.2545895E—17 —0.57327l9~~— i 8
189 0.85822166—17 0.80819195—17
190 —0.12928745—16 —0.11264965— 16
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APPENDIX D

CONFORMAL MAPPING COEFFICIENTS

FOR THE

GULF COAST REGION FROM LAGUNA MADRE TO MARSH ISLAND

= 0.2110953E 02

B = C.9507e64E 02
0

= 360.0

TI B C
TI n

1 —0.43493875 02 —0.68176825 02
2 —0.3166200E 02 0.1 9427265 02
3 0.12422515 02 —0.11738215 01
4 —0.50636505 01 —0.14470726—01
5 0.16711855 01 — 0 . 19 2 1 63 3 E  01
6 —0.35976885 01 —0.67330625 00
7 0.14192865 01 0 .13667185  Cl
8 —0.11794945 01 —0,30913595 00
9 0,41190875 00 0.13357796 00
10 —O.3775935E OC 0.48326298—02
11 0.79715975—01 0.53212205—01
12 —0.1080030E 00 0.1605034E 00
13 —0.12900845—01 —o.1ssgaeeE 00
14 —0 .59636975—01 0.1403255 5 00
15 —0.13795315—01 —0.63873055—01
16 —0 .35084825—01 0.96181455—01
17 0.66049815—02 —0 .4127430E—01
iS — 0 .1430117E— 01 0.21339955—01
19 0.93927575—02 —0.22968285—01
20 —0. 1132046E—C1 0.23924605—01
21 —0.10776876—02 —0.22690675—02
22 —0.12749316—01 0.63207975—02

No te: All qdantitics are in x ,y units. —
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V

n B C
n n

23 0.4066765E—02 0 .1411975E— 02
24 —0.16674075—02 0.46394655—03
25 0,39955975—03 — 0.2635588E—03
26 —0.18862196—02 0.56826816—03
27 0.90772245—03 0,76038905—03
25 —0. 15591985—02 —0.49427925—03
29 0 .9 1 9 0 3 3 16 — 0 3  0 . 3 3 4 8~~CBE — 03
30 —0 .11438255—02 —0 .1035753E—03
31 0.37952305—03 0.17815755—03
32 —0.6712531E—03 0.94878235—04
33 0.4371i865—03 —0.57567 645—05
34 —0.5835288E—03 0.1470665E—03
35 0.1835159E—03 —0.3212969E—04
36 —0.2~~12983E—03 0.30412085—03
37 —0.10435646—04 —0.24649995—03
38 0.10222875—04 0.2326994E—03
39 —0.88439005--OS —0.1 9700866—03
40 —0.12788136—04 0.1541862E—03
41 —0. 251 34261 -04 — 0 . 9 3 25 9 38 5 —0 4
42 —0.14402951—04 3.1033448E—C3
43 —0.5079823~ -05 —0.52779375—04
44 — 0 ,  2 3 834 4  fl - ( 0. 3 2 4 6 6C 9E —  C4
45 0.268 s109! --  -~~~. t,~~2 3 8 9 E— 0 5
46 —0.4 it tssi~ — 0 . - ( 

~~~3 4 5 E — 0 5
4 7  0.2(3519 0.11422555—04
48 —0 . 2369922,  . 0.?3080755—05
49 0, 1 060475s - - 0 4  — o . . 5 -~3 1 6 6 6 O F — O 5
50 — 0 . l i 9 0 9 9 6 I — O - ~ 0 .5 3 5 6 7 1 65— 0 5
51 0.79691196—05 —0 .7342735E—0 6
52 —0.94350325-05 0 .305e901E— 05
53 0. 359~~ 1 4 4 I — 0 5  — 0 .2 8 0 2 8 6 0 5— 0 5
54 — 0 . 3 1 6 3 7 8 66— 0 5  0 . 52 0 27 6 6 6 —0 5
55 0 . 8 0 6 9 7 3 36— 0 6  — 0 . 3 2 : ) 4 93 5 5 —0 5
56 — 0 . 3 1 5 6 1 9 7 5 — 0 5  0 .7 97 6 863 5— 0 5
57 0.2082134E—05 —0 .31002456—06
58 —0 .27802155—05 0.73753536—06
59 0.1130891E—05 —0.71686705—66
60 —0 .61223966—06 0.145004 11—OS
61 —0.18451715—06 —0 .11197105—OS
62 —0.3365420E—06 0.11016965—05
63 0.89384915—07 —0.454240c~~—O6
64 —0.30120366—0 6 0.52354476—06
65 —0.36734065—08 — 0 .35825711-06
66 —0.14140856— 06 0.4244058F—0~i
67 0.73883656—07 —0.12894551—06
68 —0.32262475-06 0.58860755-07
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u B C
El fl

69 0. 2 r 3 1 4 1 ’ i F — o o  0 . 10 O? i 2 6~~— O 6
70 — 0 .  2 6 0 2 5 7 0 [ — 06  — 0 . 3 ? ~;‘75~~E — 0 7
7 1  0 . 1 ?~~4 1 0 ’ ) E — 0 6  0 . 1 0 5 0 2 8 0 5 — 0 7
72 —0, 949871 ~‘F—07 0.~~;’~~ 1 82SF — 0 7
73 0. 1’~~)f’-~14t —07 —0.h2;1S~~52E— 07
74 —0.3S’5~~00E—O7 0. 7~-?37U8E—07
7’.; 0.12275725—07 —O.47?534~1F - — 07
7 6  —o • 226078~;E—07 0.5~~522311 —07
77 — 0 . 4 7 72 5 8 4 5 — 0 8  — 0 .3 9 17 6 4 76 —0 7
76 —0 .13059311-07 0 . 4 04 1 3 8 4 5 —0 7
7-~ 0.13466545—07 —0.12140226—07
80 —0 .21764575— 07 —O .401 8400E—10
81 O.2829028E—07 0 . 12 3 13 7 C E —0 7
82 —0 .263368311-- 07 —0.55426956—08
83 0.13901585—07 0.42520905—08
84 —0.10413055—07 0 .362 893 4 5— 0 8
85 0.25425605—08 —0 .3900482E—O8
86 — 0 .2 4 9 4 3 4 95 — 0 8  0 .7 09 0 1 4 76 — 08
87 — 0 . 2l4 0 6 5~ - F— 0 6  — 0 ,6 02 3 7 40 5— 0 8
88 0 . 1 8 5 8 8 7 85 —00  0 . 83 oc4 5 6E— C 8
89 —0.37924545—08 —0 .6924818E—08
90 0 . 1 9 0 2 7985— 0 8  0 .6 0 9 6 8 1 9E— O 5
91 —0 .56309925—0 9 —0.2973249F—C8
92 —0.15450326—08 0.15369165—08
93 0.17949805— 06 0.3730c56-F—C9
94 — 0 . ?4 ’-4 5 63 5 —0 8  — 0 . 5 5 5 04 16 1 1— 0 9
95 0.19894455—08 0.93920926—09
9~ —O .2018450E—08 —0.63272965—CS
97 0,13540435—08 0.74956026—09
93 —0.11897706—08 —0.2610C46E—09
99 0.56070775—09 0.9228996r—10
100 —0.28726805—09 0.30458~066—09
101 —0 .98993695—10 —0 .3766485E—09
10w ’ 0. 95877295— 10 0.5183951 5 —0 9
103  — 0 . 1 9 2 0 1 8 7 6— 0 9  — 0.3851  0 5 5 E —C 9
104 0.87366525—10 0 . 3 454 4 2 15 —0 9
105 — 0 . 8 5 2 1 2 9 9 5 — 1 0  — O .2 17 R 3 P ~~F — 0 9
106 — O . ~~6 8 4 93 8E — 1 t  9 . 18 2( 0 4 55— 0 9
107 — 0 . 3 15 5 3 17 5 — 1 1  — 0 . 8 ? 9 57 0 3 6 — 1O
108 — 0 . 5 8 5 4 1 6 96 — I C  0 .61P8’~ f 1 5r — 1 O
109  0 . 5 6 4 1 0 2 1 1 — 1 0  — 0 . 7 0 6 1 6 8 0 1 - - i l
1 1 0  — 0 . 7 6 4 3 2 7 5 1 — 1 0  0 .3 1 8 4 4 0 05— 1 1
1 1 1  0 . 5 4 8 5 3 1 3 9 5 — 1 0  0 . 1 76 0 2 0 36 — 1 0
112 —0 .59319841—10 — 0.117~~30RE—11 -.5

1 1 3  0.35082525—iC 0.77555575—li
114 —0.33555141—10 0.34384775—11
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n B C
n n

1. 15 0.19(,53595—1C 0 .3 8 9 0 72 0 E — 1 2
116 —0 .2 0 6 2 6 7 9 F— 1 O  0 .5 85 1 15 5 5 — 1 1
117 0.10770435—10 — 0 .1f’11202F—11
115 —0. 1C97489r~ 1 C 0.6770954E— 11
119 0.37450655—11 —0.5035~~241- — 11
120 —0.36685465—11 O.8181160E—11
121 —0.4585235E— 1~ —0.59469875—11
122 —0. 7 4 70 9 4 5 5— 1 2  0 .743 0 2~~4 r — 1 1
123 — 0 . 1 2 9 7 9 2 4 5 — 1 1  — 0 . 5 1 5 12 5 5 5— l i
124 0, 9331~~8 3 F — 1 3  0 .5 3 5 1 47 4 F — 1 1
125 — 0 . 8 5 1 2 7 45 6— 1 2  — 0 . 34 6 569 6~~— 1 1
126 —0.4 6265116—12 0.32230646—11
127 0.2742915F—12 —0~~13658C4E—11
128 —0. 15414225—11 0.87822355—12
129 O,15?029 1 5—11 0.263972~ F—12
130 — O .1946227f— 11 — 0 .28692eoE—12
131 0 . 14 2 8 7 8 R E T — 1 l  0 . 6 2 96 0 2 46 — 12
132 -0.14235915— lI — 0 .19242731—12
133 0.80951986—12 0.24162215—12
134 —0.67456506—12 0.11497485—12
135 0, 2 6 9 5 2 09 6— 1 2  — 0 . 1 5 4 7 7 0 35— 1 2
136 —0.1 6877585—12 0,40972505—12
137 —0.9926446E—13 — 0.37385146—12
138 0.69077611—13 C.4700165E— 12
139 —0.1294383E—1 2 —0 .34O6081~~— 12
140 0.1702639E—13 0.291 16475—12
141 0.1289878E—14 —0.1232917E—12
142 —0 .10197886—12 0.90332536—13
143 0.90036276—13 —0 .6354048E—14
144 —0 .12530o91—12 —0.10823765—14
145 0,1 0618125—12 0 ,44320395—13
146 —0 .113241 °E—1 2 — 0 .13624105—13
147 0.70’7363E—1 3 0.24508616— 13
148 — 0.62031675—1 3 0.~~O25O055—14
149 0 .3443273E—13 —0.1103 7805—13
150 — 0.197828011—13 0 ,37600875— 13
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APPENDIX E

CONFORMAL MAPPING COEFFICIENT S

FOR ThE

GULF COAST REGION FROM MATAGORDA BAY TO TIMBALIER BAY

= 0.326f-S(,3~ 02

B = C,640254 1E 02
0

A = 273.5

n B C
n El

1 —O.1345455E 02 —0.1288847E 02
2 —O,93013576E 01 —0.1253234 6 02
3 0..3063064E—01 0.3363035E 01
4 0.16012136 00 0,10916225 01
5 —0.5839307E OC 0.35968885—01
6 —0.1973795E 00 —0.21094455 00
7 —0.8462528E—01 0.7170513E— 02
13 0 . 5 4 6 7 4 11 5 —0 2  0 .1255086E 00
9 — 0 . 5 1 7 1 2 2 35— 0 1  — 0 . 7 06 6 0 1 95— 0 2

10 — 0 . 1 8 7 5 5 0 25 — 0 1  — 0 , 1 10 0 4 7 9 E — 0 l
11 — 0 .9 8 0 16 4 1 E — 0 2  0,2 4 7 2 862 5 —0 1
12 —0 .6387778E—02 0.~~628163E—02
13 —O .7022325E—02 —0.2627833 5—02
14 0.14392775—02 0.4072074 E—02
15 —0.19120295—02 0.1500307E—02
16 —0.15240555—02 —0 .17323755—03
17 0.11802216—03 0.10463936—02
18 —0.1692594E—03 0.32707615—03
19 —0.24287625—03 0.l903720E—03
20 —0.35060505—03 —0.12415416—04
21 0.10948255—03 0.2524455E—03
22 —0 .5571675E—04 0.21297995—04

Note: All qu~ntfties are in x ,y un i ts .
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-.5 
.5

n B C
n S

23 —0,3508286E—04 0.40484866— 04
24 —0.3781496E—04 0,11448165—04
25 —0.11007745—04 0.7667904E—05
26 0.11474956—05 0.1734318E—04
27 —0,10942965—04 C.1076357E—05
28 —0.42079965—05 0.32057481— 05
29 0.5165113E—06 0.48046805—05
30 —0.44953741—05 —0.15106315—05
31 0.16387935—06 0.20805995—05
32 —O .3129110E— 06 0, 1 03 6 8 24 5 — 0 5
33 —0.63 983915—06 0.15036275—06
34 —0.44982155—06 0,24166945—07
35 —0 .1756886E—07 0.34242185—06
36 -0.17698535—06 0.5766333E—07
37 0.740571 0E—Oe 0.1475192E—06
38 —O.7561528E—07 0.16730275— 07
39 —0.7744518E—07 —0.1 173998E—07
40 0 .6 98 8 3 0 15 -0 8  0 .4 8 7 2 76 1 5 —0 7
41 —0 .43580785—08 0 . 2 3 70 17 8 E — 0 7
42 —0.15038786—07 0.26335155—08
43 —0 ,1138452E—07 0.40588805— C9
44 —O.2927226E—08 0.5011941 E—08
45 —0,1103974E—08 0.41513035—08
46 0,28826305—09 0.34923705—08
47 —O,2926841E—0e —0.6412l42E—09
48 —0.18877025—08 —0 .3581659E— C9
49 0.97331395—09 0.1969457 6—08
50 —0 .30079525—09 0.3454068E—09
51 —0.79992665—09 —0.3613920 5—09
52 0.11616065—09 0.4086191E—09
53 —O.7690208E—10 O.1136903E—09
54 — 0 ,l189104E— 09 0.42804685—11
55 —0.28749965—10 0.54361145—10
56 —0 .28024845—11 0.54725145—10
57 —0 .36288535—10 0,15538335—12
58 —0.12228685-IC 0.12124195—10
59 —0.13514305—10 0.3202698E—11
60 0.30048455—11 0,1421820E—10
61 —O .8372742E—12 0 .6312961E-1l
62 —0 .10013105— 10 —0.51793641—11
63 — 0 .15488505— 11 0.16949575—11
64 0.27621745—1 1 0.49532715—11
65 —0 .15050116— 11 —0 .54995265—13
66 —0.1677040~ -1 1  —o.73s6ceeE—12
67 —0.515621 05—13 0.60462795—12
68 O.’~781286E—13 0.49349665-12
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n B Cn S

69 —0.10413355—12 0.17964326—12
70 —0.15687835—12 0.33106041—13
71 —0.1837509E—12 —0.50148985—13
72 0. 15677795— 1 3 0.1 0263656—12
73 0 . 2 3 1 54 09 5 — 13  0 .80538876— 13
74 —0 .5380629E—13 —0 .15139995—13
75 —0 ,20387255— 13 0.55838475—14
76 —0 .320684 1E — 14  0 . 14 3 5 1 5 8E— 1 3
77 — 0 . 3 8 8 7 4 71 5 —1 4  0 . 7 8 8 11 7 76— 1 4
75 —0.3711668E—14 0.40153876—14
79 —0.27100635—14 0.264461336—14
80 —0 .3346254E--14 O .2852854E—15
81 —0 .2722021E—15 0,20898685—14
82 —0.9054219E—15 0.6752858E—15
83 —0.66864365—15 0.4262905E—15
84 0,45293495—16 0.77268216—15
85 —0.4635597E—15 0.16531445—16
86 —0.42063971—15 —0 .93981016—16
87 O.1195950E—15 0.34060875—15
88 0.3487004E—17 0.15297115—15
89 —0.14283605—15 —0 .4310367E—16
90 —0.74379155—16 —0.75575725—17
91 - 0.54769445—17 0.5468383E—16
92 0,94020265—li 0.40184285—16
93 —0 .18772125—16 0.15106C25—17
94 —0.24300405—16 —O.1058724E—16
95 0.90678525—18 0,10279785—16
96 0.4315170E—I7 0.10609535—16
97 —0.52781735—17 —0.10596495—17
98 —O.3236399E—17 —0.38377365—13
99 —o .145o8955—le 0.17891945—17
100 0.4036873E 18 0.69613035—18
101 —0.A485005E-l8 0.43235345—18
102 —0,23799045—18 0.35220385—18
103 —0,37040135—18 0.31198705—19
104 —0.12388815—18 0.14670325—18
105 —0 .4614470E—19 0.1364687E—j8
106 —0.5356953E—1S 0.69535755—19
107 —0 .3109555E—19 0.52700405—19
108 —0.52244605—15 0,41589155—20
109 —0.3378779E— 19 0.44444775—20
110 0.10953736—19 0.36750555—19
111 —0 ,64287185—20 0,11052665—19
112 —0.151 74895—19 —0 .33146635—20
113 —0.43935965—20 0.35856895—20
114 —0 .78060735—21 0.46010445—20 —
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4

n B C
n n

115 —0.11714475—20 0.25000856—20
116 —0 .79403605—21 0,1693249F—20
117 —0.19335205—20 —0,26105401—21
118 —0,e870977r—21 0.25206556—21
119 0.26745435—21 0.10423811—20
120 —0 .1 754523E—21 0 . 3 4 9( 6 90 5— 2 1
121 — 0 ,3 9 5 0 0 36 5— 2 1  — 0 , 4 0 0 14 04 5 —2 2
122 — 0 . 1 66 2 3 2 26— 2 1  0,7 3°9 500 5 —2 2
123 —0,52840345—22 0,1107630F—21
124 —0 .S163815E—23 0.10295305—21
125 —0.2624163E—22 0.49043995—22
126 —0.62676756—22 —0 .1173602E—22
l~~~ —0.21733995—22 0,13473985—22
128 0.36219321—23 0,2753237E—22
129 —0.74176675—23 0.8646540E—23
130 — 0 , 62 2 7 9 5 85 —2 3  0 ,2 7 7 5 7 7 65 —2 3
131 — 0 . A 5 02 93 !~5-23  0 ,3 0 980426— 2 3
132 — 0 , 4 1 4 986 95— 2 3  0 , 1 0 1 4 0 4 05— 2 3
133 0.53617356—25 0.35678675—23
134 —0.25021055-24 0,21452656—23
135 —0,18618935—23 —0 .24501735—24
136 —0.95281385—24 0,17597765—24
137 0.27949935—25 0.79018305—24
138 —0, 12685085—24 0.39273255—24
139 —0 .2404606E—24 0.12302785—24
140 —0,2257453E—24 0,30255285—25
141 —0,53716135—25 0.7837279E—25
142 —0.61191515—2 6 0,11281745—24
143 —0, 36917365—25 0,45377045—25
144 —0.48702076—25 0.72706415—26
145 —0.18530935—25 0.18693815—25
146 —0 .1 3582111—25 0.12679115—25
147 —0,909264511—26 0.9077216E—26
148 —0 ,19539505—26 0.11077805—25
149 —0 .56905~~31—2 6 0,31057135—26
150 —0 ,70867265—26 —0 ,10154496—26

0’
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APPENDIX F

NUMERICAL ANA LOGS OF SURGE EQUATIONS
Admissible finite difference analogs of equations (40) and (41)

which are nominally centered at i , j , n (bearing in mind the
storage nf variables in Figure 36), are as follows :

- Qs* ,j,n_ 11
~
’2
~
t

— f[QT*(1,j,1~~
1) + Q1~(i,j,n—l)]/2

÷ (g~ /F( i ,j ) p ( i ) ) [ H ( i + l ,j , n) E1~~~+l~ j~ n)

— H(i-l ,j,n) + H B
( i _ l , j , n ) ] / L ) I s *

= t s*(i~i , fl ) — (K
oQ(i~ i,il_ l )/i~

2)Qs*(i,j)n+l) (F-I)

and

[QT* (i ,j , n4 1) — QT*(i , j , n _ 1 ) ] /2 ~
t

+ f[Q5~
(i ,j,~~ 1) + Q s*~~~

j n _
~
)J/2

+ (gD/F( i ,j)v(j)) [H(i,j+l ,n) — H
B
(i ,j+l

~
n)

- H(i,j—l ,n) 4 HB , u 1 , ]/.
~
T

= IT*(1,j,fl) - (KoQ(i ,j,n_l)/
~~

)QT*(i,j,n+l) , (F-2)

where Q is as def ined by equat ion (54) and D as def ined by
equat ion (61) is the ar ithmetic average of the four values of D
about the point i,j at which the flow is evaluated . All terms are
spatially centered at i , j  and a l l  but the bottom friction terms
are exac tly centered at time level n . The latter involve flow com-
ponents at the new level n+l and at the old level n-I within the
flow magnitude term Q . This form is known to lead to a stable
algorithm (Reid and Bodine , 1968). The Coriolis terms are exactly
centered at n as well as i,j . Equations (F-i) and (F-2) repre-
sent two equations in the two new Q components Q~*(i,j,n+l) and
~~*(i,j,n+i) in terms of quantities at previous times and are
readily solved for each component individually.  The resulting
expl ic it relat ions for these components are given by equation (55)
where G1 , G2 , G3 are defined in equations (58) to (60) .

The centered finite difference analog of the continuity equa-
tion (42) leads directly to the explicit relation for H at the new
time level given by equation (57).
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APPENDIX 6

MODEL VERIFICATION

Prior to the surge computations the conservative properties of
the numerical model were examined . The model was applied first to
seiches in an enclosed square basin 12 kilometers on a side and &
meters deep. The number of grid increments along each side was 20.
To invoke the most severe seiching mode , the water surface was
initiall y a s— i gned a l inear slope downward from one end of the basin
(j=.JM) to the opposite end (j=1). The initial setup for the nonro-
t a t i n g  bas in  computations was 50 centimeters , but th is was reduced
to 10 centimeters when rotation was allowed to suppress unnecessary
fluctuations. The time step taken for all test runs was 50 seconds.

The simulation of a uninodal seiche in a nonrotating basin was
considered first. With the specified time step , the period of the
severest mode i s  theoretically 68.57 ~t.

Figure 6-1 shows that the computed fundamental period is within
one- t ime increment of the theoretical  period .

1 
~~~~~~~~~~~~~ 1 1 1 $  I I I  I I I

— 1 
~ ~ I I I I I I I I I I I L I I I I

0 30 60 90 120 150 180 210

Tine (nt~t)

Figure G-l. Computed water leve l at grid point (21,20)
for uninodal seiche test case.

The time variation of the vo l ume , poten t i a l , k ine t i c , and total
energies are given in Figure 6-2. Each of these quantities are area-
wei ghted sums. This evaluation scheme should exhibit small perturba-
tions more readily than unweighted sums of the variables over the grid.
The variation of the volume, potential , kinetic , and total energies is
sma ll , w i t h  the potential energy showing the largest deviation . 

—

156

— 

~~~~~ 
‘
~ 

— — ~
-

‘ .5 
. ~~~~; - .

.
.~~~~~~

- 
. 

~~~~~~~~~~~~~~~~~~~~ 
‘ *~~~ 

. -*~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



— I I ( I I I I I I I 
j I J I I J I ~

- Potential energy ~P)

100 ~ i n c t i c  energy  (K)
h ; t~~~l c n e r g v 1 f l

>

,~~ ~~~ 
K —

— 4 0 — —

p

0 1 I i  l i i i  I I I  Io 30 hO 90 120 I Y )  1~ 0 .i0

‘721 
~ i I 

i ~ 
I

i. i I I I i i I i i I I I ~ i I ~ i

o 30 60 90 120 150 180 210
1’imc (n~t)

Figure 6-2. Volume , potent ia l , k i ne t ic , and t o t a l  energ ies for
uninodal  s e i c h  test case.
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Rotational effects on the seiching mode were checked by specify-
ing the Coriolis parameter as 0.75 00, 1.00 a0, and 1.25 ~~ 

where a
~

is the angular- frequency of the fundamental mode . The computed fre-
quencies , a , were compared with those obtained by Rao (1966) and
Plat:man (1972).

Table 6-1 gives the comparison with Rao ’s and Platzman ’s results.

Table 6-1. Comparison of computed va l ues of a/as with those obtained
by Rao (1966) and Platzman (1972).

0/Go
Average

From Rao From Platzman computed
f/a0 (1966) (1972) a/a0 ~ error

0.75 0.769 0.76 1.1
1.00 0.723 0.721 0.75 4.0
1.25 0.686 0.683 0.71 3.9

Alth ough the errors occurring with f/a0 ~ 1.00 are large, these
values of f/a0 represent stern tests of the algorithm. It is
definitely encouraging that no evidence of instability is indicated
in the s imulated hydrographs.
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APPENDIX II

WINE ) DEFORMATION PROCEDURE

(SYM) (SYM)Assuming that the wlnL-stres s component~ ( T S* , )
are known in the stretched shelf coordinate system from the applica-
tion of a svnmetric wi r~d field model , the problem in part is to
identif y reg ion for i g i ven hurricane and coastline where it is
ippropri ate to alter these stresses to reflect the influence of land .
The proposed deformation equations are applied onl y at points which
are 1oc~ited within this region . Existing charts of hurricane winds
and the inv e’~ti ~ ;ition by Graham and Nunn (1959) provide the basis for
the empirical deformat i on formulas. In this manner , the anal ytical
representation obviates the detailed input of a massive sequence of
digitized wind field data that conforms with the observations near
the coast as well as offshore .

(SYM) (SYM)The wind-stress components , TS* and T T* , are
altered at a point for ;~hich > 

~ 
according to the relationship :

(SYM)
T S* 

= . 1 ( F l - i )

and

(SYM) 
~ 
~m II - ,TT* TT* (

f J C

where m is a constant chosen to be 2 and I~ is an influence
factor given by:

If 
= 1 - D~~[ (V

1 
- Y

D)/ R
h

] 
‘ 

(~~3)

where Rh is a constant taken as the average radius to maximum winds
of the hurricane , Df is a distortion factor, Y~ is the shortest
distance the point is from land , and Y 1 is the distance the
influence region extends from th.~ coast relative to the point in
question (Figure Fl-i). In general , Y1 should depend on XD , the
distance the point in question is from a centrally located point along
the coast (x

~
,y
~
). This latter point is generally assigned the

coordinates of intersection of the hurricane track with the coastline.
From Figure Fl- i , the distances XD and are given by:

XE) = ± [ (x
5 

- x ) 2 + - >‘c)
21
1 (H—4)

and 
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Y
E) 

= [(x - x ) 2 + (y - y ) 2 J
1 

, (H- 5)

where (x 5,y5 ) is a point along the coast determined by the inter-
section of a line normal to the coast and passing through the point
in question (Xp~Yp). The sign conventioti is that XE) is positive
if the point in question is to the right of the hurricane t rack and
negative if it lies on the left . In general , the influence region
is defined by:

Y 1 = ( F 1(X~) + Sf }~ R
f (11-6)

where F1 is the influence function of XD , Sf is a shift factor
which permits the influence line to be moved normal to the coast ,
and Rf is a range factor. The influence function attempts to re-
late the degree of distortion in the wind isovels relative to the
tract of the hurricane and the shape of the coastline. The extent
of the land infl uence is given by Y 1 , wh ich depends on Sf and
Rf - These coefficients as well as Df are considered to be
related to the distance of the hurricane from the point where it
crosses the coast.

Add itional investigation is required to establish a generalized
procedure based on physical principles for deforming the winds in a
manner which faithfully reproduces the observations. Consequently,
each storm is parameterized individually to accomplish the task. The
relationshi ps used for deforming the w inds of Hurr icane Carl a are:

F1 
= I XD 

- ~~~ j/7 , (H-7)

D
f 

= .11 1 + e .O 5 (D
h/~h

_2)2
] , (1-1—8)

S
f 

= ~2[ .5 - -
~~

- tan~~ (D
h/2

~~
)J L~ , (H-9)

1.5 ,if Dh < R
h

R =
~~ (H-b )

.s + e 
025 

h’ 1~~
5
~~’ 

~~~~ 

~h ~~
- 

~~~ h

where R
h is taken as approximately 37 kilometers and

= ± F (x - X
h) 

+ Cy - y~)21
i 

. (Fl-il)

The si gn convention is that is posit ive if the hurricane is over
water and negative if the storm is over land . For Hurr icane Cami lle ,
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t hese relations are :

(X
D + 6R.~)/l.5 if X

D ~~. -
~Rh

F1 
= I XD J/l. 5 , if -3R,~ < X

D 
< ~ (11-12)

I X
D 1/7 , if X

D ~ 0

Dc 0 2  , (11 13)

Sf 
0.5 , (11-14)

and

Rf 1.0 . (H-is)

The Hurricane Gracie wind fields were not deformed because the
winds are presented in di gital form . Any deformation obtained would
be dependent upon a subjective analysis which requires additional
developmental work . t~breover, the selection of Gracie was made on
the knowledge that the results would possibly be compared with those
obtained by other investigators using symmetric wind fieids .

I
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APPE NDIX I

SYMBOLS AND DEF1NITIONs

B ,C Transformat ion coefficientsn n

CE) 
Nondimensional wind-drag coefficient

D Depth of water

Distortion factor for deforming the wind

111
1 

Distance of hurricane from the coast

D Maximum expected depth of water at any point
m within computing grid

D Depth of water relative to mean sea level

E Error function

f Coriolis parameter

F Scale factor associated with the orthogonal
curvilinear coordinate system

F 1 
Influence function for deforming the wind

g Acceleration due to gravity

H Water level relative to mean sea level

118 
Hydrostatic elevation of the sea surface corres-
ponding to the departure of the atmospheric .5
pressure from a constant

If 
Influence factor for deforming the wind

IM , JM Number of computational grid points along the S4 and
.5 

T4 axes

k Wave number = ,T/A

k Wave number of free wave in the annulusm ,n

-.5
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K Nondimen sional bottom-drag coeff ic ient
0

N Number of Fourier-type transformation coefficients
in the series

P Atmosp her ic pressure

Far field pressure

P Central pressure of the hurricane

Qs*’QT* Volume transport per unit width in the S4 and
T4 directions

r , O Po lar coordinates

rh Distance from the hurricane center to any point

Rf 
Range factor for deforining the wind

Dis tance from the hurricane center to the region of
maximum winds

S
f 

Shift factor for deforming the wind

S~ ,S Distance normal to the seaward boundary and alongp the coast

S4,T4 Coordinates of the stretched shelf coordinate
system

T Long wave travel time

VR 
Maximum winds of the hurricane

Weighting factors for the coast find seaward
boundary curves

Windspeed at an elevation of 10 meters above the
water surface

x ,y Rec tilinear coordinates

64
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—

xc~
Yc 

Coordinates of landfall of the hurricane

Position of hurricane center

~~~~~ ~ point in the influence region

x ,y A point along the coast determined by the inter-
S ~ section of a line normal to the coast and pass-

ing through (x~,y~)

~
c yc~~

s ys Coord inates of the coast and seaward boundary
curves to be mapped

Y1 
Extent of the land influence for deforming the
wind

Z Plane of (x ,y)

8 Extent of n (±) in the ~-p1ane

Arc length

Surge algorithm time increment

The alongshore curvilinear coordinate of the shelf
coordinate system

1
c~~ s Prorating factors for the length of the transfo rm-

generated curves

A Half the horizontal extent of the region to be mapped
in the Z or c-plane

p, v Functions transforming ~ and n to the stretched
shelf coordinate system (S* ,T*)

Ingress angle

Density of air and water

Total and ~th contribution ta the “curvilinearity”n variance

Bottom resistance stress divided by p~ in the S4
and T* directions

I
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tS*~
tT* 

Wind stress divided by 
~~ 

in the S4 and T4
directions

0 Angle between the ~ and x axes

n The offshore curvilinear coordinate of the shelf

coordinate system (E~,ri)

Plane of (~ ,n)
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