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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI)

units as follows:

UNITS OF MEASUREMENT

U.S. customary units of measurement used in this report can be converted to metrie (S1)

Multiply by To obtain
inches 25.4 millimeters
2.54 centimeters
square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters
feet 30.48 centimeters
0.3048 meters
square feet 0.0929 square meters
cubic feet 0.0283 cubic meters
yards 0.9144 meters
square yards 0.836 s(uare meters
cubie yards 0.7646 cubic meters
miles 1.6093 kilometers
square miles 259.0 hectares
acres 0.4047 hectares
foot-pounds 1.3558 newton meters
ounces 28.35 grams
pounds 453.6 grams
0.4530 kilograms
ton, long 1.0160 metric tons
ton, short 0.9072 metric tons
degrees (angle) 0.1745 radians
Fahrenheit degrees 5/9 Celsius degrees or Kelvins'

'To obtain Celsius (C) temperature readings from Fahrenheit (F) readings, use formula: C = (5/9) (F - 32).
To obtain Kelvin (K) readings, use forumla: K = (5/9) (F — 32) +273.15.
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STORM SURGE SIMULATION IN TRANSFORMED COORDINATES
Volume I. Theory and Application
by

John J. Wanstrath, Robert E. Whitaker,
Robert 0. Reid, and Andrew C. Vastano

I. [INTRODUCTION
1. Background.

Storm surges are transient fluctuations in the sea level 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 modification 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 conditiorns at the specified shore.
Jelesnianski (1967, 1972) takes the shoreline as a vertical plane of
infinite height, thereby facilitating the mathematical representa-
tion of the shore boundary. More general portrayal of the shoreline
is achieved by the schemes of Miyazaki (1963) and Platzman (1963) in
which the coastline is represented as a series of straight-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 land. 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 further, this is precisely the region from which water
level observations are usually available for model verification.
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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 differential 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
conformaily 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 employing the
transformed equations of motion in the orthogonal curvilinear
coordinate system.
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IT. 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 (Figure 1), in which the seaward boundary and coastline curves
are specifically transformed into the image plane as constant values
of n . 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 (-X 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

Ze=x+ iy, (2)

E=E»in, (3)
and

i=v1. (4)

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

N
F(g) =P, + Qg+ ) (P, cos nkz + Q sin nkg) , (5)
n=1
where
k=n/a, (6)
and X is half the horizontal extent of the region in the Z , or ¢
plane. The coefficients P_ and , n=0,1...N, are, in general,
complex and independent of £ or n . Let

PeA 38 , (7
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and
Qn = Cn + iDn 4 (8)

where the coefficients A, , B, , 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 relations for x and y in
terms of £ and n are:

N
" x(g,n) = CE+ [ (B sinh nkn + C_ cosh nkn) sin nkg ,  (9)
n=1
and
N
y(&,n) = Bo + Con + Z (Bn cosh nkn + Cn sinh nkn) cos nkg . (10)
n=1

The condition that the range of x and £ be the same requires that
Co = 1. The remaining N values of C,;, and N+1 values of B, are
determined by matching the coastal and seaward boundary curves at

n = * B, respectively, B 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 |
X¢ , and Y€ are single-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 B8 , By , and the set of coefficients,

Bh and Cp , 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 £ , 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 & for each curve.

It is found that a convergent iterative procedure results if one
chooses the following as the i+1 approximation of the coefficients:

; A : A :
Bt 2 v e - sl e, (11)
(4] (o]
i+l 1 b i A s i
B, =3[/ Y (&) de+ Y0 de ], 12)
o (o]
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and :
i+l
c,’ =, T, - T, 0/ (T, 2 - (82, (14)

where i=1,2... denotes the iteration number, A is the transform
generated arc length and

g1 s, Csd 5.
WP TeW’ LN i
T, = [ % 5 X ] sinh? nkBi+1 + [ 3 ] cosh? nkB1+1 » (15)
("c,i_ws,i) ("c,i_ws,i) )
o =X Y ¥ ¥ gimn ankgi*! | (16)
"c,i+ws,1 A Wc’1+W§’1 sl
a = 5 sinh? nkg'*" + | X=X | cosh? nkg' " ,(17)

_ sinh nkB1+1

. A :
c,i g | :
. ® X [Wx £ (X“(A") - &) sin nkg d¢

. A .
- W'h 1 (C(8%) - €) sin nke dg ]
o

cosh nk81+1

ig x

.= 5
[W;’1 7 YSaY) cos nkg dg
)

. A <
+ Wt 7 Y3 (aY) cos nkg de] , (18)
(]

y

|



. cosh nkB“l

W N
K 3 WS** s (x°a') - ) sin nke de
0o

. A s
+ Wt 0 @ah) - £) sin nkg de]
o

g i+l s A i
, Sinh ?kB [w;’l s YS(8") cos nke de
o

< X :
- w;’l s Y3 (") cos nkg de] . (19)
o
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:

0 o1 .s,i+1 S,i _s,i+l
LURRD e i By 0
& "c,i EC,i"'l % wc’i Ec’i+1 (20)
xR T g

where A

o zl—x J[XS(AI(E,-B)) - x*le,-812 ae (21)
-k
A

s;’m . EIT f[vsul(e.-s)) -y, -2 ae (22)
-A
A

Egr it - f[xccalu,'«a)) - 0812 a (23)
-2

and




A
e ZLX I[Yc(Ai(Ep"B)) ” yi’l (E,#B)]z dE . (24)

-A

c,i+l
y

E

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

s —
wi =E/E, (25)
_ eS/E
vr; = Ey/E ; (26)
C C ,=
N = Ex/E . (27)
oY o
A Ey/E : (28)

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

*
:
a0 = v | [GH7 + Gh1% ac, (29)
(o]
and
£
ae’,8) = +° I [(g—’é)z + %)2]” de , (30)
(]

for 0 < gf <X and ys and yc are prorating factors taken such
that A(A,n)  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 i+l 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 ySE¥ and yS¢t , respectively. The first
estimates of B8 , Bo and the Fourier-type coefficients




éw-mava.w—-m PP

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 8 , B, 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 N
and the inherent errors in estimating the various integrals by
numerical methods. The trapezoidal rule employing M values of ¢
at equal increments over the interval 0 < £ < A is used to estimate
all integrals. Given the value of £ , the appropriate values of
XS, Y5, X¢ and YC are computed by an interpolational subroutine
called CURV, 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). 1In all applications of the conformal mapping procedure,

the total number of ierms 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 XS , YS, XC and YC .
The procedure outlined above follows the rudiments of a conformal
mapping technique developed by Reid and Vastano (1966) .

2. ARRIications.

Three regions of the Continental Shelf of the Gulf of Mexico and
two 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) 1lower east coast: Cape Kennedy, Florida, to Pamlico
Sound, North Carolina;
(e) upper east coast: Pamlico 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 180-meter contour were digitized from an overlay
of bathymetric 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 isobath 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 criterion
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 central
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 shows 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 Hurri-
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-
cessively better agreement of the mapped curves with respect to that
specified is obvious from the convergence table for the gulf coast
region 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:

M £ .
wr L et - xee 2 (31)
j=1
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Similar expressions are employed for the other variances. Appendix
A contains the transformation coefficients used to produce Figure 11.

The successful application of the mapping equations to the other
shelf regions was accomplished. Tables 2 through 5 clearly indicate
the successive convergence of the mapped curves with respect to that
specified for the lower and upper east coast and the western and
central 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 coefficients used to produce 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 be obtained from equations
(13) through (19) with Wi = wi = 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 applied to the western and central gulf coast regions was stable
and, moreover, provided a better fit with N = 110 than the more
general one. The fit of the mapped curves with respect to that
specified 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 E contain the transformation co-
efficients used to produce Figures 17 and 19, respectively. In test-
ing with the other three shelf regions, the alternate solution was
nonconvergent in that the successive values of the error function
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
curvilinear coordinates may be defined as:

02 = ox2 - oyz (32)
where
B A
e L1
x * 26 [x - £]% dg dn ; (33)
-8 o
and
32
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g -5‘-— J[y-(80+n)]2dcdn. (34)
(o]

W ey O

These expressions are measures of the "curvilinearity" of the trans-

forms x(£,n) and v(&,n) . From equations (9) and (10), it can be
shown that
N
. Z Unz 3 (35)
n=1

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

2 2 :
(Bn + Cn ) sinh 2nkg

2 =
ot AnkB . (36)

The value of 0,2/02 is a more meaningful measure of the relative
importance of the various terms in the transformation than the raw
B, » C, coefficients. The curvilinearity variance spectrum given
by 0,2/0? as a function of n for the final transform of the five
reglons is shown in Figure 20. The values of o2 and o/\ 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 with
coastlines that varied in the degree of smoothness and regions that
varied in X . Another version of the coastline from Cape Kennedy
to Pamlico Sound is shown in Figure 21. Comparing Figure 5 with this
version, 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 this 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
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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 kilometers. 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 limits on
computer time were the bases for terminating the iterative procedure.
The convergence criteria can be satisfied either by a shorter hori-
zontal extent or smoother curves for a longer region.




I1I. 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 (&£,n) 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-
dently transforming the & and n 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:

e S*(Sp(E)) , (37)

where the expansion of S, with respect to S*
is specified by an (arbitgary) 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, AT* , required for a long wave traveling at
the local free wave celerity to proceed from seaward
boundary to the coast. The long wave travel time,

T , is calculated by:
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Figure 23. Orthogonal curvilinear grid system in the Z-plane
(a), in_the g-plane (b), and in the computing
grid (c).
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e 4

‘/EE;- > (38)
Sn(n) o

where S, is the distance along the isoline of & , Dy is the
local depth relative to mean sea level, and g is the acceleration
due tq gravity. The relation between n and T* 1is given by:

T = TH(T(S, (M) , (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 T* = 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 AT* 1is 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
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. 1In 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 (£,n) which 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
(Figure 25) is attained through the functional relationships speci-
fied in Figure 26 for the S* axis and Figure 27 for the T* axis.

The shelf coordinate system, the stretched shelf coordinate system,
and similar transformation relationships are shown in Figures 28
through 31, for the grid used to simulate the storm surge caused by
Hurricane Camille, and in Figures 32 through 35 for the grid asso-
ciated with the Hurricane Gracie storm surge.
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2. Storm Surge Equations.

The vertically integrated form of the quasi-linear long wave
equations 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:

Q
ey S 4 = _
3t f QT * Fu aS* (H “B) % TS* OS* ’ (40)
3Q
i gh 3 %
3t # £ QS* + Fv 3T% (H - HB) = TT* - 0,[.* (41)
and
aH 1 1 g s
;t.— + F—z— [u as* (FQS*) + ; BT* (FQT*)] =0, (42)

where Q is the volume transport per unit width, 1 1is the wind
stress divided by the water density, o 1is the bottom resistance
stress divided by water density, f is the Coriolis parameter, D
is depth of water, H 1is the sea surface elevation relative to mean
sea level, and Hp is the hydrostatic elevation of the sea surface
corresponding to the atmospheric pressure anomaly. The term F -"is
a variable scale factor associated with the conformal part of the
orthogonal curvilinear coordinate system. Specifically,

F= 392+ @217, (43)

where x and y are given by the transformation equatiuns. The
terms p and v , are additional scale factors that relate to the
transformation of £ to S* and n to T* , respectively, and
are given by:

aS

)
P
and
9S
v S B 21 (45)

BS I

Furthermore, quv corresponds to the Jacobian of the transforma-
tion in the sense that

=y F2uv dS* dT* (46)
R
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where A is the area of a closed region R in the x,y plane
whose mapped image is R* .

The kinematic wind-stress components 1., and 1., are re-
lated to their x,y component counterparts (rx , T.) at a given
point by: y

Toe = Ty cos B + Ty SR 16 (47)
and
Tpe = "7y sin 8 # Ty cos B ; (48)
where
= van-1 [3Y/3E
6 = tan (ax/ag] R (49)

The relation between the wind stress and windspeed is:

2 OA
T =KWy, K= <4 G s (50)

where p, is the air density, py is the water density, Cp is a
nondimensional drag coefficient, and W;p 1is the windspeed at an
elevation of 10 meters above the water surface. The value of K
(Reid and Bodine, 1968) is taken as:

K; , if W9 < 7.0 m.s"]

K = |
Ky + [1.0 - 7.0/W;0]2 K, , if Wyp > 7.0 m-s

|A

| v

where K; 1s 1.1 x 10°% and X, is 2.5 x 107S.

The values of K; and K; wused by Whitaker, Reid, and Vastano
(1973) for Lake Okeechobee were tound to be too large for the shelf
surge computations investigated in this study.

The form of the bed resistance terms are:

KOQ
os* = —DT Qs* ’ (52)
and
KOQ
Ope = DT QT* y (53)
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where

2 2%
Q = [Q5* & QT*J ] (54)
and Ko is a nondimensional drag coefficient taken as 2.5 x 107 3.

3. Numerical Algorithm.

The numerical analogs of equations (40), (41), and (42) are based
upon centered difference approximations of all terms (sce App. F).
The algorithm treats the time dependency explicitly and employs a
computing lattice as shown in Figure 36 in which the transports, Q 4
and Qrs are computed at the same location but are staggered in S
time and space with respect to the water level anomaly. This scheme
facilitates a simple representation of the Coriolis and bottom stress
terms in the difference equations. The surge model allows for vari-
able bathymetry 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 algorithm is
mandatory to delineate the delta. However, in the more usual appli-
cation, the coast is a straight line in the computing grid.

The difference equations for Qg*» Qpx, and H at interior
points of the computing grid are given by:

Qqu(i,j,n+1) = (61 G, + f At G3)/ (G + (f st)?) , (55)
S 3

(61 63 - £ 8t G,)/(G1 + (£ 4t)2) , (56)

Qpy (1,],n+1)

and

H(i,j,n+l) = H(i,j,n-1)

¢ At F(1+1’J) Qs*(i+l’j:n) fis r(l'lrJ) Qst(i“l!jin)
F(i,j)* u(i) As*
B(1,;)+1) QT*(i,j+l,n) - Fli;j=1) QT*(i,j—l,n)

! V) AT (57)

where i, j , and n indices express the S* , T* , and time
coordinates, respectively, and At 1is the numerical time step. The
quantities G; , G, , and Gy are given by:

Gy =1+ 2K 8t Q(i,jn-1)/b?, (58)
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Coast

Figure 36.

Scheme for computed variables.
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Gp = Qs*li,j,n-l) + £ At QT*(i,j.n—l)

2 e . 4 2 . :

PG Ao H{i+1, j.mn) HB(1+1,J,n)

=~ Hia=1,7,n) ”B(i_]'j’n)} + 2 At TS* ; (59)

Gz = Qu(i,j,n-1) - £ A Qg (i,j,n-1)
Tyl oL L IS i 3 . .3
G) F(i.3) aT* H{i §*1;,n) HB(1,3+l,n)
1
- H(i,j-1,n) + Hg(i,j-1,m)| + 2 at 1, , (60)

where

D=1y (D(i+1,j,n) ¢ Dii=1,3:n) = D(i,3s1.,n) » D({i,3-1;n)} <« (61)
1

In order to maintain numerical stability, the time step must
satisfy the condition:

< Eﬁﬂ,fs*.A1f\

At < SO A 2
af Gy, viﬁTR» 1 min °’ (62)
where
B ) \)
Gy = [{p B5*)* # (v 8T*)°]1° , (63)

and the minimum value of the right-hand side of relation (26) is
implied. Thus, a search of the grid is required for a proper selection
of At . However, the conditions along the seaward boundary usually
limit the time step because of the deeper water.

The values of y, v, F , and 0 given by equations (44), (45),
(46) and (49), are required at the appropriate computational grid
points. A numerical spline under tension is employed to interpolate
¢ given the IM values of S _(S*) . The scale factor, u , is
determined by: p

g(i+l) - E(i-1)

vid) 208+

(64)
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where £(o) and £(IM+1) are ascertained by expanding the computing
grid one increment of AS* to the left and right, respectively. In
a similar fashion, the M values of rn may be determined and the
scale factor v given by:
; n(j+l) - n(j-1)
v(j) = il 1 T (65)

jo® 2,5 ccn JM-1.

Since the computing grid may not be extended landward or toward deeper

water, the approximation at j =1 and j = JM is made that:
v(1) = [n(2) - n(1)]zaT* (66)
and
v(IM) = [(n(IM) - n(IM-1)]/AT* . (67)

The area in the x,y plane of each grid block, including those
from expanding the grid in the £ direction, is determined by numer-
ical procedure from the following relation:

i1 5
2 2
A(L,j) = J( [ [%—’:) « 8 de dn (68)
n (3 '
] 1-1

i=1,2 -+ IMel ,
j 21,2 00 IM .

The scale factor associated with the conformal mapping is determined
from equation (46) at intersectional points, excluding the coast and
seaward boundary, by the expression:

1
[A(i,i) + A(i,j*1) + A(i+l,j) + A(i+l,j+D)]"

F(i,j) 4 AS* AT* (1) v(j) §

(69)

o= 2,3 000 JN-1,

and for grid points along j =1 or JM by the approximation:
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(3.3 = |ALLG) + A(isl,j) ,
Fl1,1) = |55 & (1) v (D) ’ (70)

% - St e SRl T [

The angle, 6 , relating the orientation of the stretched shelf
coordinate system to the x,y plane is determined at grid points,
excluding j =1 and JM , by the following smoothing procedure:

e

% 8(i-1,j) + 6(i,j-1) + 6(i+1,j) + 6(i,j+1) + 46?1.5)‘ :
(71)

0(i,j) =

ol PSR

Jom 2,5 0 =1,
B
where 6 is given by equation (44). Along the sea and coastline
boundaries we have

0(i,1) = (07 G-1,1) + 267(5,2) + 07 (i+1,1) 49*(1,1)] . (72)

R D G L | (o

and

8(1,JM) =

oo =

l0+(i—l,.)l\1) 420 (i,JM-1) + 8 (i+1,JM) + ae"'(i,.JM)] d

73
= B2 Yo TH . k9

4. Boundary Conditions.

A wall condition is employed in the surge simulation along the
coast while the surface elevation anomaly is placed in equilibrium
with the atmospheric pressure along the seaward boundary. Vanishing
normal derivatives of transport are specified on the lateral open
boundaries. This condition is used by Jelesnianski (1965, 1966) and
Forristall (1974), although it may not be the most desirable (Reid,
1975} .

In the x,y plane the coast is curved making the wall (coast)
and lateral boundary conditions difficult to apply in a rectilinear

grid system. However, the stretched shelf coordinate system repre-
sents the coast as:

Qs = 0, (74)

or, the analog is simply,

71
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Qpa (i,9M,m41) = 0, (75)

iz 153 see IM .,
Thus, total reflection is assured at the boundary. The flux, Qgx,
along the coastline is calculated from equation (55) with D taken
as the two point average of the local fluid depths along the coast.
The local depths ranged from 1.0 to 2.3 meters, depending on the sea-
ward bottom siope and surrounding elevations. The water elevations

along the coast are computed from the continuity relation as given
by equation (57) with the following substitution:

F(i,JM*1) Q. (i,JM+1,n-1) = -F(i,JM-1) Q. (i,JM-1,n-1) , (76)
T T

3824 e IMED L
This is an artifact consistent with total reflection.

For the simulation of the Hurricane Camille storm surge, the
normal routine of the surge program was interrupted at those grid
points representing the protruding Mississippi Delta. Along this
part of the coast (the solid heavy line in Figures 28 and 29), the
normal flux was set to zero and the tangential flux was determined
from either equation (55) or equation (56) with the Coriolis term
vanishing. The continuity 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,1,n+1) = HB(i,l,n+l) 5 (77)
b 2,4 74 M=
and
H(i,2,n+1) = [H(i-1,1,n+1) + H(i+1,1,n+1)
+ H(i-1,3,n+1) + H(i+1,3,n+1)]/4 , (78)
i=3,5 - IM-2 .
Specifying the seaward boundary in this sawtooth form obviates the
calculations of Qg+« and Qps along the boundary since they are not

required for computations at interior points.

The lateral open boundary condition requires the normal gradient
of the S*-directed transport to vanish,
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Ay

Qg
= 0, (79)

This condition implies that along the left side of the grid,
Qqu(1,,041) = Qg (3,3,n41) , (80)

= 3.5 I
and along the right side,
QS*(IM,j,nol) = Qs*(IM-Z,j,n+l) 5 (81)
J e B8 20 IM

The S*-directed transports for even j and i=2 or IM-1 are deter-
mined by the average of the two neighboring interior values. Addi-
tionally, the T*-directed transports are required along i=2 or IM-1
and are calculated from equation (56) where D 1is again the average
of the local fluid depth along the boundary.

Special computations are required at seaward corner points (2,2)
and (3,1). Simultaneous equations are solved for QT*(Z,Z,n*l) and
Qg«(3,1,n+1}) with the approximation that QT*(S,I,n+1) is the aver-
age of the two neighboring interior values. Similar expressions are
used at the right-hand seaward corner points.

Other conditions at the seaward and lateral boundaries were
experimented with for the Hurricane Carla simulations. These in-
cluded radiational conditions of the type discussed by Reid and
Bodine (1968) and Reid (1975). The main differences, as anticipated,
were close to the lateral boundaries where the '"flow through'" condi-
tion in equation (79) gave a more realistic rendition of the long-
shore flow.

The basic numerical model was used successfully by Alvarez
(1973). Further testing of the algorithm, where in some cases an
analytical solution was possible for comparison purposes, is pre-
sented in Appendix G.

5. Wind and Pressure Fields.

Of major importance in simulating the storm surge is the accurate
portrayal of the hurricane wind field on the computing grid. More-
over, the representation of the wind must be time-dependent.

The Hydrometeorological Section of the National Weather Service
(NWS) provided charts of the surface winds at 10 meters above mean
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sea level and of the barometric pressure for Hurricanes Carla and
Camille. One method for representing the wind field is to digitize
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 laborious to
obtain and do not guarantee better quality of the input than can be
obtained by analytical representations of the forcing fields. It is
this latter approach which is used in this study.

For a given hurricane, the following parameters are sampled in
time from the NWS charts: position, forward speed, central pressure,
radius vector (relative to the storm movement) to maximum winds, and
the maximum winds. With an analytical representation of the surface
wind and pressure fields the above parameters need only to be inter-
polated in time.

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

v

& SRR g . . 4
Vx = R [ (x xh) sin ¢ (y yh) cos ¢ ]
and b F(x,) (82)
V
V.= R[4+ (x-x) cos ¢ - (y-y,) sin ¢ ]
y rh ﬁ‘ 4 h 4
where
= 1
e Iy s enit Y, ©(83)
Vv is the maximum wind, ¢ is the ingress angle, and F(r,) is
. $/3 . 1/2 . .
(r,/R) if r <R or (R/r) if r, >R,. Distance from

the storm center (xh, yh) to the region of maximum winds is Rh 2

The translation of the storm ;. ~ides an alteration in the wind field
which is carried out following 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 1, . The resulting modified
values of V_ and V_  are used to compute the wind-stress

compoiter ts: y
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A
|

5 2 2
K (Vx + Vy ) Vx P

and (84)

T
y

K(V2+v2)v

X y y
This constitutes the symmetric wind-stress field. 7he stress compo-
nents in the stretched shelf coordinate system are determined by
applying equation (84) in equations (47) and (48).

The surface atmospheric pressure field associated with the hurri-
cane is given by:
“Ry/Th

PeP + (P -P)e - (85)

where P, 1is the central pressure and P_ 1is the far ficld pressure.
The term Hpg in equations (40) and (41) is equivalent to
(P, - P)o,8.

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 symmetric wind field such that it portrays the effect of land.
These winds are referred to as deformed. Mr. Thomas Reid, Texas A&M
University, Department of Oceanography, is responsible for the basic
development of this 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
this time is shown in Figure 37(b). The influence of land on the wind
field is evidence even at a time when the storm is approximately 55
kilometers from the coast. Figures 38 and 39 show the symmetric (a)
and deformed (b) winds at 2000 G.m.t., 11 September, and 0000 C.m.t.,
12 September, respectively. The rotation and reduction of the wind
vector in the nearshore region to reflect the land influence is
illustrated 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 Figures 38(a) and 38(b), respectively., The arrows
represent the wind vector placed such that the tail is at the com-
putational point. The pressure fields, as determined from equation
(85), for Hurricane Carla at the above times are shown in Figure
41(a,b,c) where the contours are in millibars., Although the pattern
of isovels reflecting the land influence is in good agreement with
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Time = 46.0 (hrs.)

(b)

& s
Ry

Ro

Qo

240

Figure 37. Hurricane Carla symmetric (a) and deformed (b)
wind fields at 1600 G.m.t., 11 Scptember 1961;
isovels in meters per second.
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Time = 50.0 (hrs.)

Hurricane Carla symmetric (a) and deformed (b)
wind fields at 2000 G.m.t., 11 September 1961
isovels in meters per second.

Figure 38.
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Time = 54.0 (hrs.)

Figure 39. Hurricane Carla symmetric (a) and deformed (b)
wind fields at 0000 G.m.t., 12 September 1961;
isovels in meters per second.
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Time = 50.0 (hrs.)

(a)

: b ik B N » £ » .
\ \.\. ~ " . . g
. ¢ o
~ n . iy
\ L ] . .
3 L
g =5 . o
. L}
L}
50.0 m.s™? :
-

Figure 40, Hurricane Carla winds at selected points at
2000 G.m.t., 11 September 1961 for the
symmetric (a) and deformed (b) rcpresentations.
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Time = 460 (hrs.)

(a)

(b)

Figure 41. Hurricane Carla atmospheric pressure on 11 Sep-
tember 1961 at 1600 (a), at 2000 (b), and 0000
G.m.t., 12 September (c¢); contours in millibars.
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those provided by NWS, the problem of specifying the proper deforma-
tion is not completely resolved.

The observed high winds which remain along the coast after the
storm has proceeded inland are attained by setting Ry,  to be the
distance the storm center is from that coastal area of persistent
high winds. This procedure was also followed in modeling the winds
from Hurricane Camille. However, Ry  in the pressure expression
was not allowed to increase in this manner.

The hydrographs at selected grid points along the coast are
presented in Figure 42 illustrating the improved agreement with
respect to the observed water levels in using a deformed wind
forcing function rather than a symmetric one., The observed water
levels, corrected for the astronomical tide, are indicated by
squares. The computed water levels have been raised for comparison
purposes to correspond to the local sea level at the start of the
computations (1800 G.m.t., 9 September). The solid line represents
the computed surge employing the deformed wind and the dashline
shows the results with a symmetric wind. The surge computations
were formed using identical boundary conditions.

The symmetric (a) and deformed (b) winds for Hurricane Camille at
0000 G.m.t. 18 August 1969 (approximately 4 hours before the storm
crossed the coast), 0400 G.m.t. and 0800 G.m.t. on the same date
are shown in Figures 43 through 45. The rotation and reduction of
the wind stress for this storm are different from that of Hurricane
Carla because of the differences in the coastal configuration.
Figure 46 (a,b) shows the wind vectors for the symmetric and deformed
representation of Hurricane Camille at the time the storm proceeded
inland. The pressure fields at the above times are presented in
Figure 47(a,b,c). The wind fields associated with Hurricane Gracie
were not defermed because the documentation was not amenable to the
deformation procedure. Also, Rh was not increased in the manner
specified above after the storm crossed the coast. The symmetric
winds at 1200 G.m.t., 29 September 1959, 1600 G.m.t. (the time the
storm proceeded inland), and 2000 G.m.t. on the same date are shown
in Figure 48. Figure 49 presents the pressure fields at the above
times.
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Time = 24.0 (hrs.)

(b)

t~09€
£

Figure 43. Hurricane Camille symmetric (a) and deformed (b)
wind ficlds at 0000 G.m.t., 18 August 1969;
isovels in meters per second.

83




(b)

Hurricane Camille symmetric (a) and deformed
(b) wind fields at 0400 G.m.t., 18 August
1969; isovels in meters per second.

Figure 44.
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Figure 45.

o) Time = 32.0 (hrs.)

(a)

(b)

Hurricane Camille symmetric (a) and deformed (b) wind
fields at 0800 G.m.t., 18 August 1969; isovels in
meters per second.
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28.0 (hrs)

Pt 50.0 m.s~1

Figure 46. Hurricane Camille winds at selected points at 0400
G.m.t., 18 August 1969 for the svmmetric (a) and
deformed (b) representations,
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Figure 47.

i

Time = 24.0 (hrs.)
(a)

! Time = 28.0 (hrs.)

(b)

(c)

tHurricane Camille atmospheric pressure on 18 August
1969 at 0000 (a), at 0400 (b), and at 0800 G.m.t.
(¢); contours in millibars.
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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.
(¢); isovels in meters per second.
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Time = 24.0 (hrs.)

(a)

(b)

O Time = 32.0 (hrs.)

(c)

Figure 49. Hurricane Gracie atmospheric pressurc ou 29 September
1959 at 1200 (a), at 1600 (b), and at 2000 G.m.t.
(c); contours in millibars.
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IV. SIMULATION OF THE FREE WAVE IN AN ANNULUS

1. Problem Statement.

If the wind stress, bottom friction, atmospheric pressure, and
the rotational effect of the earth are neglected, then the equations
in Section III admit a simple analytic solution for free gravity
waves of long wavelength. A study using curved boundaries will
demonstrate the superiority of modeling the long gravity wave in
orthogonal curvilinear coordinates over those models which employ
rectilinear coordinates. Basically, the study involves comparing
the numerical solution of a free-standing long wave in a 90° section
of an annulus with an inner radius r; of 393 kilometers and an
outer radius 7T, equal to 2r; (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 annulus may be obtained with some modifications from
Lamb (art. 191, 1932). The boundary conditions require that:

M_0,atr- rpand r = 1y , (86)
or

and
%%—= 0 y-.at 0 = 0% and § = wf2 . (87)

The analytical solution for the given initial conditions is:

J (k. 14
A [J(k nr)-?——“l’—"—lv(k r)]
m,n 2 Sl I Yn(km nrl) N MmN

’

H(r,0,t) = )
m

S o~8

cos nb cos Gm,nt > (88)
m= 0,1 -
n=20,2 ,
where
“m,n " km,n /E—B.’ (89)
and for given n , km,n is the mth root of
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Land

Figrre 50, The annulus in polar coordinates (r,€).
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514

' ' 1 " .
Jp(krz) Y (kry) - J (krp) Y (krp) = 0 . (90)

The terms J and Y are Bessel functions of the first and second
kind, respectively. The order is given by the integr. subscript and
the superscript refers to differentiation with respect to the argu-
ment. The term A in equation (88) is an arbitrary constant repre-
senting the initial amplitude. The first azimuthal mode is for

n = 2 and the lowest value of k that satisfies equation (90) is
approximately 1.340/r; meters™!. The period of oscillation for this
mode (m =0 , n = 2} is 25.85 hours.

The numerical solution of the free wave in the quarter annulus
is sought by performing the integration in two different computing
grids. In one case the grid is rectilinear (Figure 51), and in the
other a polar system is used. In the rectilinear system the outer
and inner radii of the annulus (the light line in Figure 51) is simu-
lated in a stairstep fashion. Considering a limitation on computer
time and storage, an acceptable rendition of the curved boundaries
is present in the Cartesian grid. Proper representation of the
quarter-annulus requires a transport point at corners on the outer
and inner boundaries.  Consequently, the rectilinear boundary is not
symmetric about n/4. The locations of nine hydrograph positions are
indicated by small boxes. Although the computing grid is 43 by 43,
only 1,052 points are used to represent the annulus. In this grid
system, AS* and AT* are just Ax and A4y , respectively, with
AXx = Ay = 19.65 kilometers. The maximum allowable time step as
determined from equation (62) is approximately 700 seconds where F =
u = v =1. Finally, the analog form of the long wave equations is
obtained by setting those terms in equations (55) through (57) to
zero which are neglected, and setting F , u, and v to one. The
transports, QS* 3 QT* , are now aliases for Qx and Q_ ,
respectively. 4

The numerical algorithm for the rectilinear grid system must be
capable of determining if a computational point is interior,
exterior, or on the boundary of the annulus. For exterior points, no
calculations are performed. Grid points on the stairstep boundary
require special 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
located at a boundary corner (an H computation) or on a segment of
the boundary. Clearly, extensive programing and computer time is
required to accomplish this task.

The other computing mesh which is used for obtaining the numerical
solution of the free wave in the annulus is the polar (or stretched
shelf coordinate) grid system (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 ().
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Figure 52,

Polar grid representing the annulus;
location of hydrographs shown by (o).
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with py =v =1, and

I, 2 * I’i
™ (rl + {4 2)€ AT ]:l i 91)

F(i,j) = ['gg A5
by 0
PR S T

where AS* = 21.05 kilometers and AT* = 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 allowing 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 03H/36 is a constant. For the rectilinear grid
system,

H(i,5,0) = .1 - < tan™! () , (92)

where only the i,j indices appropriate for the annulus are employed
in the above relation. For the polar grid system, the same initial
surface condition is determined as:




-

Hit,3.0) = .3 # .2 (1 =1) , (93)
i=1,2 -+ 45,
jo=2,3 00 22,

The initial condition of constant azimuthal slope and no radial vari-
ation of H along a line of constant 6 implies that there are
several modes of seiching present; however, the dominate mode is for
m=0and n = 2. This is indicated by Figures 54 and 55 which show
the simulated surface topography at 27 hours in the rectilinear and
polar grid systems, respectively. The solution in the polar grid

is more representative of the analytical solution than that shown

in the Cartesian system.

The hydrograph at 6 = 0° and r = r; 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 6 = 0° for r = r
(the average radius of the annulus) and r = r,, respectivelyw The
three hydrographs along 6 = 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
oscillation (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 6 = w/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 6 = n/4 (actually, about 44°), the
magnitude of the oscillation about w/4 is approximately 2 to 4
times larger than expected.
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Figure 54. Computed water surface topography in 0.0l-meter
' contour increments at 27 hours in the rectilinear
! grid system.
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Figure 55.

Computed water surface topography in 0.0l-meter

contour increments at 27 hours
system.

in the polar grid
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V. STORM SURGE SIMULATION

1. Hurricane Carla.

Hurricane Carla was an immense, slow-moving, and meandering storm
which struck the gulf 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 stability a time step of 180 seconds was used in the
computations. The surge simulation 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
grid 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 el<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>