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A COMBINED STATISTICAL AND HYDRODYNAMIC APPROACH

FOR EXTREME TIDE PREDICTION
CHAPTER I

Introduction

Hurricanes and associated storm surges have been watched and suffered
by men helplessly for centuries, Many.accounts of disasters caused by hurricanes
may be found in the books by Tannehill (1938) and Dunn and Miller (1960) and
the issues of Monthly Weather Review. Gradually enoﬁgh understanding of
the hurricanes have been accumulated, so that tragedies similar to ones in
the past can Be-avoided.

With the recent growth and expansion of coastal communities and industries
particularly in the hurricane zones of the south, the importance of hurricane
warning and insurance against damage has gained considerable importance. This
has been recognized in the "National Flood Insurance Act of 1968." For imple-
menting the act sound acfuarial data on flood frequency due to hurricanes are
needed. Siﬁilar frequency data are needed by the coastal engineer who is
called upon to design flood protection structures.

The present research effort has been motivated by the needs of the insurance
act as well as the needs of the safe coastal structure design. After outlining
the problem, the objectives of the research effort, achievements so far and
proposals for future efforts have been summarized. A summary of previous
research works relevant to present endeavors has been presented. This is
followed by the theoretical consideration of the hydrodynamical models and the
statistical methods. A statistical simulation method has been outlined and

compared with the other methods (to get the same final result). The method
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Figure 1 Areas of the earth where tropical cyclones occur



has been applied to the Delaware coast and the results presented and discussed
particularly comparing with previous similar works. It has been recognized
that the present hydrodynamical models need considerable modification in order
to make simulation results more meaningful for bounded bays and curved
coastlines. Extreme storm surges could be predicted if the distribution of the
storm surge was known. There are two ways in which this can be obtained: (1)
Obtain storm surge data for a period sufficiently larger than the time span Lo
which the prediction will apply. That is for 100-year design storm sufge at
least 100-year data should be available, (2) The way is to find a functional
relation between the storm surge and the various hydrodynamic factors causing
it. Also needed is the joint probability distribution of the hydrodynanic

parameters causing the storm. That is given
s = f(Po, Poo, R, V, 8, bathymetry, tide) (1)

and Prob (Po 5'P0’P00 5_p003.§_r, Vv, D20, TSt) =

f(Po, Poo, T, V,0) (2)

]

where S = storm surge

Po = central pressure in the storm
Poo = ambient far field pressure

R = radius of maximum wind

V = translatory motion of the storm

8 = angle of storm motion relative to the coast line

T = tide level

J<

Pys Pgg» T» Vs> @, L are the corresponding values attained by the suvge cassia

i . accatnted for
parameters simultaneously. Assuming all parameters have been accounted tor,

R L



then theoretically it is possible to determine the distribution of storm surge
for a given coastal area.

In practice both methods encounter serious difficulties. The first
method is entirely empirical and requires data for a length of time which is
not available. Therefore, a prediction based on method (1) has limited relia-
bility. Furthermore, the prediction is only valid at the location where
data is collected. Any spatial extrapolation is subject to serious doubts in
genaral; Similar difficulty is encountered in method(2)when the joint
probability distribution is being estimated. However, now additional infor-
mation regarding the nature of the distribution of each parameter can be utilized
to increase the reliability of the estimated joint probability distribution.

The functional relation (1) between storm surge and the parameters causing
it is very complicated. At best only approximate numerical relations are
ayailable. Any theoretical attempt to predict the storm surge distribution is
full of difficulties and complications and must await the defining of the
functional relation (l); In the meantime, statistical simulation can provide
some of the answers needed for engineering design.

In view of the importance of the problem, the Ocean Engineering group at
the University of Delaware has undertaken a broad program of research into
extreme storm tide prediction stressing on the statistical simulation technique.
The research program broadly includes (1) estimating the joint probability
distribution of the parameters causing the storm surge (2) simulating the
parameters causing the storm surge particularly where the parameters are
correlated and (3) studying aad comparing the existing hydrodynamic models and
developing new ones for a bay like the Delaware Bay. Some of the important

results obtained so far are summarized below.



(1) By arguments based on the physical interaction among metereological

variables, it has been concluded that (Poo~Poll/2, R, V and ® have Gaussian

distribution.

(2) The marginal distributions for (Poo—Po)llz, R, V, and 0 for hurri-
canes hitting the Atlantic coast north of Cape Hatteras during the past 75

years are best described by a Gaussian distribution.

(3) No significant correlation has been detected among these variables.

(4) The tide amplitude for the hurricane season has a Rayleigh distribu-
tion.
(5) A computer program has been developed to generate Gaussian

random variables with zero correlation.

(6) A computer alogrithm has been developed to generate Gaussian
random variables with given correlation matrix.

(7) The existing hfdrodynamic models have been compared and their strength
and weaknesses noted for the future guidance in the development of the model

for a bay.

(8y A simulation technique has been developed including the effect of
spacial and temporal variation of surge and astronomical tide.

(9) The techmique has been applied to the Delaware coast facing the
Atlantic Ocean and the results presented.

(10) The result thus obtained has been compared with earlier analysis

of a similar nature.



CHAPTER II

Review of Pertinent Literature

Books by Tannehill (1938) and Dunn and Miller (1960) provide historical
as well as physical perspective on the hurricanes and damages caused by them.
Review articles by Welander (1961) and Bretschneider (1967) deal principally
with hurricane surges and the methods of predicting them. Harris (1963),

Cry (1962) and Ho EE;ﬁl:-clg?S) have documented valuable information regarding
past hurricanes and their effect on the coast. These excellent publications provide
the background for the present review which is limited to the brief discussion

of the approximate analytical and empirical models for surge generation and

extreme tide prediction (1) based solely on the past tide records and (2) derived
from the statistical distribution of the hurricane parameters and a hydrodynamic
model for hurricane generation.

A sound hydrodynamical model, analytical or numerical, of hurricane surge
generation is the key to the success of deterministic problems such as surge
forecasting and warning. As has been discussed in the last section an exact
hydrodynamical model (Eq. 1) is vital to the statistical prediction of extreme

tides. Basic hydrodynamic equations governing the storm surge are (Bretschneider,

1967)
dQy 35 T Tt 9
£l = i S 1 M .. SR. . . e 3
{(a) (b) (c) (d) (e) . (5)
10, Tax T4
o = =g, - *;D%;S- + —— - ;x - Up + gpft (4)

IIJ
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ot dx ay

where S8 = surge height, ft
Bx = discharge in the x axis direction, ft3/sec per foot of width
Oy = discharge in the y axis direction, ft3/sec per foot of width

x = distance normal to the shoreline, ft
y = distance along the shoreline, ft
z = time, seconds
f = coriolis parameter 2w sin 0, where w = 7.28 x 10> rad/sec
¢ = latitude in degrees
g = acceleration due to gravity, 32.2 ft/sec2
D = water depth in ft
T _/p = wind stress parallel to coast, per unit volume, ft/sec2
/o = bottom stress parallel to coast per unit volume, ft/sec2
1 _/p = wind stress perpendicular to coast, per unit volume, ft/secz
T, /p = bottom stress perpendicular to coast

p = density water, shipsfft3

UX = wind speed component perpendicular to coast, ft/sec
Uy = wind speed component parallel to coast, ft/sec
n = inverted barometer effect, ft of water

P = precipitation rate, ft/sec

The above equations do not have a closed form solution. Simplified
equations have been integrated numerically to get approximate solutions for
surge heights.

The earliest and the most direct treatment assumes that the éum of the
onshore components of wind and bottom stresses is balanced by a slope

of the mean water surface. This treatment neglects unsteady and coriolis effects



and usually assumes the bottom stress to be a small fraction (.1 - .3) of the
surface stresses. The lateral extent of the wind field is assumed to be
large, For simple shelf bathymetries and wind fields analytical solutions
are readily obtained. For complicated bathymetries and wind stress fields, a
numerical integration of the simplified defining equations can be carried out.

The "bathystrophic storm tide" concept of Freeman, Baer and Jung (1957)
incorporates the effect of a time varying wind field in driving the alongshore
transport but assumes the time rate of change in the onshore transport to

e negligible. DNonlinear bottom friction and the coriolis effect are included.
The alongshore equation of motion with the corresponding wind stress compo-
nent is integrated with respect té time to determine the time-varying alongshore
transport. The onshore equation of motion represents a static balance between
the slope of the water surface on one side and the onshore wind stress and
coriolis effect due to the alongshore transport on the other side,

The method considers the bathymetry to consist of straight and parallel
bottom contours and the wind field to be uniform. The bathystrophic storm
tide has been utilized extensively by Bretschneider and Collins (1963),

Marinos and Woodward (1968) and others for storm tide prediction. Marinos and
Woodward "calibrate" the techniques by adjusting the bottom friction coefficient
to obtain goocd agreement between historical and calculated storm tides. The
friction coefficient was found to vary with the wind speed and shelf width;
undoubtedly this calibration incorporates effects not represented in the
formulation, including nonuniform wind fields and irregular bathymetry.

The unsteady problem of storm tides generated by a prescribed wind
stress translating directly to shore over straight and parallel contours

was investigated by Reid (1956) using an ingenious application of the method



of characteristics. The wind stress was assumed to be of ﬁnlimited lateral
extent., Results were presented as isolines of dimensionless storm tide response
as a function of ratios of fetch length to shelf length and storm system

speed to the speed of a long free wave. Of particular interest was the

presence of a peak in the response (407 above the value for a steady state,
infinite fetch wind field) which resulted from a particular combination of

the two ratios noted above,

The availability of large high-speed digital computers has provided the
naans for more realistic representation of detailed offshore topography and
storm systems. Generally, finite difference methods are employed to integrate
the equations of motion and continuity. The earliest contributions were by
Platzman (1958) and Miyazaki (1963). Later notable papers include those by
Jelesnianski (1966, 1967, 1974), Reid and Bodine (1968), and Hendrickson and
Djou (1974).

Dean and Pearce (1972) solved the linearized problem of a steady state
laterally-limited wind stress system for bathymetries of uniform depth and
uniform slope. The effects of coriolis force and lateral water stresses
were not included in the treatment. The results indicate that if the shelf
width is large relative to the breadth of the wind field, the storm tide at
the coast is reduced considerably compared to the value resulting from the
infinite breadth wind field case.

Jelesnianski's model has been adopted by NOAA for flood forecasting.
Shore Protection Manual (1974) nomograms for coméuting storm surge were based
on this model. The model has been recently modified to:include storms moving
in apn arbitrary manner, Since this model has been used and tested extensively,
it will be used in the present investigation until a better model is worked

out.
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While deterministic models are being worked out, the engineer's need for
a design storm surge has been filled by two distinct ways. The first method
studies the yearly or monthly highest tide recorded for the longest period
available and fit the data so gathered to some extreme value distribution.
There are two serious objections to this method. TFirst, data for a
sufficiently long period of time is not available. Second, the data for any
station is biased to an unknown extent., The tide prediction for the stations
which have experienced hurricanes in the recent past is biased towards the high
side while predictions for the stations only a couple of hundred miles away
which did not experience any hurricane tend to be biésed towards the low side.
Yang, et.al. (1970) have carried out an extreme tide analysis for the Delaware
coast. The results of the present study have been compared with that of Yang,
et.al., and differences discussed.

Another way by which extreme tides have been obtained for design purposes
is by use of what is called the Probabie Maximum Hurricane and Standard Project
Hurricane. By studying the past.hurricanes and the damages done by them,

a PMH and SPH has been specified for each region. SPH has a 100-year return
period and PMH has a 1,000-year return period. As we know now apart from
hurricane pafameters there are other factors such as astronomical tides, topog-
raphy which can seriously affect the high tide values.

Regression analysis methods have been applied to the problem of finding
a suitable model for surge generation from the simple parameters of a storm.
Conner, et.al. (1957) designed a simple empirical model to forecast storm surges.
They plotted observed maximum tides against lowest observed central pressure
(po) and then found a line of the best fit. A correlation coefficient of .68

has been reported for the observations from 30 stations along the Gulf Coast.
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Hoover (1957), arguing that the recording stations rarely experience the true
maximum surge, increased some of the observed maximum surge data partly based
on the plot of observed high tide distribution along the coast and partly based
on the subjective judgment knowing the relative position of the storm with res-
pect to the recording station. He reported a correlation coefficient of 0.81.
Harris (1959) expanded his model to storms making landfall on the east
and the CGulf coasts. He removed the seasonal sea level anomaly, wherevex
possible, from the observed high tides. He also included the other parameters,
the peripheral storm pressure (Poo), the size of the storm (R), the vector
storm motion (u,0) and the distance of the 50 fathom line from shore. He
has reported correlation coefficient of .75 fromdata from 52 statiomns.
Regression models have been rather unsuccessful. But they do throw
some light on the nature of the processes involved. The pressure deficit at
the center of the storm proves to be the best predictor of the storm surge.
This is not surprising because this parameter causes inverse barometric |
effect and is proportional to the square of the maximum wind velocity in
the storm which happens to be the most important surge causing parameter.
The radius of a storm seems to have very little effect on the storm surge.
The vector storm motion and the angle of approach have limited effect while
the bathymetry is an important factor.
Pore, et.al. (1974) found a regression relation between winter storm
surge in tenth of feet and pressure in millibar at several points offshore and
inshore. The relation is based on past records. The importance of accuracy

in the input sea level pressure has been emphasized. For a breakwater harbor

the predicting equation is
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SS(BWH) = 55.93 - .01113 P(48)t + .09477 P(24)t <l .01890 P(&l)t -5

- .07897 P(47)t _, — +04897 P(42)t

6 il B

Where SS(BWH) is the storm surge in tenths of feet, at forecast location
(BITH) at time t. P is the sea-level pressure in millibars at the indicated

grid point (Figure 2). The subscript of pressure is the time in hours.

Figure 2 Computation points where predictors of storm
surge were considered in the derivation of the
forecast equations, by Pore, et.al, '
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Myers (1970, 1975) used a semi-empirical method in the storm surge analysis
for the Atlantic City and South Carolina coast. His method consists of the
following steps.

(1) From the past hurricane records pertinent to one area, empirical
probability .distribution for characteristic parameters of hurricanes
such as intensity, radius of maximum wind, forward speed and direc-
tion of motion are obtained.

(2) Distribution of each parameter is assumed to be independent of the

other parameters.

(3) The distribution is divided into several suitable groups and a

fixed value and probability assigned to them.
(4) Storm surges are computed for all possible combinations of the
parameters using SPLASH program of Jelesnianski (1974).

(5) The above is carried out separately for landfilling hurricanes

and alongshore hurricanes.

(6) The surge heights thus obtained are combined with the astronomical

tide with random phase and the maxima of the addition recorded.

(7) Extreme winter tide distribution is obtained from the past records.

(8) Extreme surge distribution due to the landfalling and.the alongshore

hurricanes is combined with the winter tide distribution to find the

extreme tide distribution.
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CHAPTER IIT

Theoretical Considerations

The physical phenomena involved has been briefly described. Based on
heuristic arguments the theoretical distributions of the parameters charac-
terizing hurricanes have been derived. The relevant theories of multivariate

estimation and simulation have been briefly presented.

The hurricane wind field at the sea surface is best.represented by a vortex
motion. Studies have shown that the wind velocity on the surface is spiral
and bent inwards (Figure 4). Similar studies for currents generated in the
ocean water has not been carried out. For slow-moving hurricanes, surface
currents are expected to be similar to the one for surface winds. There is
considerable radial component in both air and water current. This may be one
of the mechanisms by which hurricanes draw their fury from the surrounding hot
sea surface and air. A consequence of this is a descending current in the
eye of the hurricane. 1In deep water there is no resistance to flow other than
viscosity and the equilibrium water level profile turns out to be inverse
barometric effect. But as the hurricane moves into the shallow waters, the
boundary resistance affects the equilibrium by reducing the flow away from
below the eye of the hurricane. Thus, water accumulates in this region and
is observed as high surge. In deep water the horizontal currents are
spiral inwards. In shallow water onshore current is converging flow, but
the offshore current is divergent flow. Also, the connecting alongshore
current is in shallow water. Thus the flow circuit has more resistance in
the outflow section. Hence there is a transient pile up of water near the

shore (Figure 5).
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CHAPTER IV

The Statistical Distribution of Hurricane Parameters

Hurricanes are commonly characterized by AP, the inteﬁsity (Poo-Po),
R, radius of maximum wind, and V, the lateral motion of the storm as a whole.
The observed values of each parameter at any instant is a result of complex
interaction between the large number of meterological and physical conditions.
These interactions either are the sum of individual effects or may be expanded
as the sum of these effects., Under these assumptions, by central limit theorem,
the distribution of hurricane parameters or a simple transfiorm thereof, should
be well described by the Gaussian law. Consider,for example, the maximum wind
velocity U in cthe storm. It may be cousidered as the manifestation of turbuleat
velocity on a large scale. Turbulent velocity is very well described by a

Gaussian distribution. The relation between U and AP is approximately
AP = K U2' where K is a constant (8)

Thus VAP should be distributed close to mormal distribution. Similarly the
radius of maximum wind is assumed to have Gaussian distribution. The laterai
motion of the storm is again representative of large scale turbulent motion

and should be well described by Gaussian distribution. The direction of

storm motion is dependent on the location of cold or warm fronts which, in
turn, are dependent on the location of high and low pressure cells. These,

in turn, are caused by random interaction between upper atmosphere and surface
circulation. Again, appealing to the central limit theorem it can be concluded
that the direction of motion 6 has a Gaussian distribution. In order to
encompass all possible cases the joint distribution of VAP, V, R and 6 will be

assumed to have multivariate normal distribution given by the joint density

i3
(2")2 Iz|l/2

o (x) = enp [-1/2(X-p)~" E"l (X-n)1] (9)
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where X” = [/AP, V, R, 0] .israndom variable vector

-~

o= [uaP, Hos Hps uP] in a vector of mean values.

91 ¥19 915 %3z

5 Oyn Yoz %93 Y94
Y %31 932 933 934
9%, %42 943 Y44

is the covaraniancematrix E[(X -u) (X-u)~]

Maximum Likelihood Estimator of p, p and N

Let
X - « X X .
X = “11 . & AP N e & (10)
% s r 3 i A

=4

be the realization of P random variables distributed according to
the multinormal law with mean vector p and non-singular covariance matrix Z.

The likelihood of the observations are

1
Np/2 IElN/Z

N
exp [-1/2 ] Gemw 7 Gegw)] (11)
i=1

LCU,Z) =
(2m)
As in the univariate case, the elements of p and E which maximize the above
1likelihood function are the maximum likelihood estimators. It is more convenient
to maximize the logarithm of the above function.

N
Ln (1)) = =1/2 Np In (2r) - 1/2 N In|}| - 1/2 } (x;-w)" E“lcxi-u)} (12)
i=1

For the likelihood to be at its maximum value it is necessary that

i”“-_n_li_(.hh = () -_]_nd -‘QL'I'—IL (n - }--. 0 (L‘;)

ol H}

where the null matrices have dimensions p x 1 and p x p respectively. The

column vector of derivatives with respect to u is
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a N
Z E (Xi_—ll)
i=1

and this is equal to the null vector if we take as the estimate of y

==

B =

N .

1 ox = X (14)
i=1

or the vector of the sample means of the observations. Similarly by maximizing

Lu(u,i) with respect to Z and omitting the lengthy derivation we get the

estimate for z

=
=

§ =

. (%) (x;,7%) " (15)

1=

i ~—1

1

~

It can be shown that X is a biased estimate of E. The unbiased estimator

is obtained by

~ LN -
} =g ‘El (x,=x) (x;-%) (16)

-

Confidence Interval for Correlations

In the case of a random sample of N observation pairs from the bivariate

normal population with © = 0, the distribution of sample correlation r has this

density function:

& rl(=1)/2] (l_rz)l/Z(N—ﬁ) A omope i
- TLaw2)/2] it
p(x) = (17)
0 elsewhere
The transformed variate
\h';l -
¢ = rff 3o (1)

has student's distribution with N-2 degrees of freedom. Given the sample

correlation r we accept the hypothesis p = 0 at significance level a if
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N-2
[r|V1—r2 = /2 sN-2

where ta/Z . N=2 is the upper 500 % point of the t distribution with N-2 degrees

of freedom.

For p # 0, the monotonic transformation

z =1/2 1n £
1-r
S (19)
= tanh ~ r
is a variate with an asymptotic normal distribution with mean
£ 2 1/2 1In 1o
and variance
1
ar(z) - —— 2
Var(z) 5z | (21)

confidence interval for P at significance level o is

z z
2
a/2 < p < tanh (z + ol

N~3 N-3

tanh (z -

Z0/2 is the upper 50a % point of the standard normal distribution function.
We would like to determine whether or not the variables are independent
of each other and whether the off-diagonal elements of the covariance matrix

are zero or at least if one element is non-zero. It has been derived that the

variate
+
k* = ~(8-1 - 2222 1n|R| | (22)
2

has X° distribution with 1/2 p(p-1) degrees of freedom. In the above

=
]

sample size
p = number of variables
R = sample correlation matrix.

We accept the hypothesis that all variables are independent of each other if

K? < X% ; 1/2 p(p-1)
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where xéa; 1/2 p(p-1) is the upper 1000 percentage point of the X2 distribution
with 1/2 p (p-1) degrees of freedom. For small correlations K2 can be approximated
to
K? = (N-1 - gﬂgéo )
i

2
. § Ty (23)

The summation extends over the 1/2 p(p-1l) correlations in the upper portion

of the matrix.

Principal Axes of the Multinormal Density

The component

(x-n)~ X"l (xn)

of the multinormal density specifies the equation of an ellipsoid in p-dimensional
variate space when it is set equal to some positive constant C. The family of
elliﬁsoids generated by varying c hasthe common center point p. The first prin-
cipal axis of each ellipsoid is that line passing through p to the surface of

an ellipsojd by its coordinates x on the surface, the first principal axis will
have coordinates that maximize its squared half Xength (x-p)”(x-u) subject to

the constraint Gx=p)” J + (x=u) = C (24)

that xbe on the surface. For the length to be at its maximum value it is
necessary that its derivatives with respect to the elements of x each equal
zero. If we introduce the constraint with the aid of the Langrangian multiplier

A, the maximand is
- - '—1 ;
£(x) = (x1)" (x1) = A[(x=1)" }7 (= )= C] (25)
and its vector of first partial derivatives is

AEX)

(I‘\«_:

= 2(x=pn) - 2Xx X_l (x—u) _ ' (26)
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The coordinates of the longest axis must satisfy the equation
-1
[L-2) "] () =0 (27)

or since E is non-singular, the equivalent condition
[} - ALlGx-n) =0 (28)

The coordinates specifying the principal axis are proportional to the elements
of a charadteristic vector of ).

Premultiplying Equation(27) by 4(x-n)” we get

GOy ” (xep) = 4 AGew)” T ) = dAC (29)

For a fixed value of C the length of the principal axis is maximized by taking

A as the greatest characteristic root of E. Therefore, the position of the first
principal axis of the concentration ellipsoid is specified by direction cosines
whichlare the elements of the normalized characteristic vector_al associated

with the greatest characteristic root A, ,of z. The other principal axes are

1
similarly found to have orientations given by the elements of the vectors of

the characteristic roots

1 = 12 > eee ? lp >0

The new variate vector ¥~ = [Yl, i Yp] whose elements have values on
the principal axés of the concentration ellipsoids is related to the original

variates by the transformation

Y = A" (x-p) (30)

where the ith column of A is the normalized characteristic vector ui. The

orthogonality of A implies that the transformation consists of a rigid rotation
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of the original axes into the principal axes of the ellipsoids, followed by
a shift of the origin of the new axes to the center y of the ellipsoid. The

covariance matrix of the elements of Y is

INE

The variance of the ith principal-axis variate is

Var (Yi) = o,” ) oy = A (31)

R

i

If the characteristic roots are distinct, or if the vectors assoclated with

multiple roots have been constructed to be orithogonal,

(32)

[s
S
.

Cov (Y., =0,”Ya, =
ov ( i Yj) o, X aJ 0

The principal axis transformation has resulted in uncorrelated variates

whose variances are proportional to the axis lengths of any specific concen-

tration ellipsoid.

Simulation of Correlated Random Variables

The problem of generating random samples with specified covariance matrix
can be broken into two subproblems. The first is the well-known problem of
generating independent random numbers. At best on a large scale computer
pseudo-random numbers can be generated. Thus on a machine if large samples of
several variables are generated it is more than likely that the variables
will be correlated amongst themselves. By the orthogonal transformation of the
previous section, the values of the uncorrelated samples can be computed. Once
the uncorrelated samples have been obtained, by inverse transform correlated
sample can easily be computed. The p uncorrelated variates are transformed so

that their variances are equal to the characteristic values of the specified
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covariance matrix z. Multiplying both sides of equation (3) by (A’)_1 we
get
xon = (A7 (33)

or x = (A’)—l ¥ (34)

has the desired mean values p and the covariance matrix Z. Here A is the

matrix formed by characteristic vectors associated with Z.

Statistical Simulation Model

The proposed simulation model consists of four stages: (1) estimating
the statistical distribution of hurricane and tide paramete;s, (2) generating
random samples with those characteristics, (3) computing the surge heights in
each case with a suitable hydrodynamic model and (4) constructing extreme
value distribution based on yearly maxima.

It is hazardous to estimate the statistical distribution of hurricane
parameters from the observations on a few hurricanes hitting any one
point. Moreover, the point in question may experience considerable surge heights
due to hurricanes hitting the coast hundreds of miles away. For these two
principal reasons a sort of regional simulation has been adopted. A stretch of
coast including the point of interest is selected keeping in mind that (1) the
stretch should have been crossed by enough hurricanes (10-12) for estimating the
statistical distribution, (2) the stretch has fairly straight reaches and fairly

similar bathymetry, and (3) the hurricanes visiting the stretch can be reasonably

considered samples from a homogeneous population. Within the region
the probability of any point being hit by hurricanes is based on historical
records. The following are the essential steps in simulating the hurricane

surge caused by the landfalling hurricanes.
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The joint distribution of AP, R, V and 0 is estimated from the past
observations.

Similarly, the shape of tide and the probability distribution of tidal
amplitude is obtained from historical records.

Landfalling point is sampled from the uniform distribution.

The values of AP, R, V and 0 are sampled according to their observed
distributions.

These values of characteristic parameters are fed to a suitable
hydrodynamical model which computes the temporal profile of surge

at the point of investigation.

Random astronomical tides are generated according to the

observed distributions.

Phase lag between peaks of thea tide and the hurricane surge is

drawn from a population of uniformly distributed numbers.

Temporal profile surge are added to the tide and the maximum water
level computed.

Depending on how frequently hurricanes visit a locality, a time span
is selected and the water level computed in the last step assigned
to this unit time as maximum due to hurricane.

hurricanes moving parallel to the coast the Step 3 is replaced by

(3a) The distance of hurricane from the coast is sampled from the distri-

For

bution of such distances based on the past occurrences.

gome areas surge caused by winter storms instead of tropical storms may

be significant. It is very difficult to parametrize these storms and a hydro-

dynamical model of suitable accuracy has not been worked out. Hence winter

storm surges will presently be simulated by the statistical distribution of past

records.
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overall simulation and combination of the occurrences due to hurricanes

and winter storms will be as follows considering a suitable unit period of time

(not necessarily a year).

)
(2)

(3)

(4)

(5)
(6)

The

Generate a uniformly distributed random number, U, between 0 and 1.

If U < P (the probability of occurrence of a hurricane in the area during
one unit period), a hurricane occurs otherwise it does not.

If hurricane occurs, then another random number is drawn to decide whether
the hurricane is landfalling or moving parallel to the coast.

The surge height SH is computed and retained. If a hurricane does not

occur then S, is set equal to zero.

H

Denote the computed winter storm surge as Sw'

The larger of the two values S, and Sw is retained as the extreme event

H

of the year (or some other suitable period).

simulation must be carried over very large practical periods so that

events represented by rare combinations of variables causing exceptionally high

surges may have a reasonable chance of occurring.

Comparison with Myers' Method (NOAA)

The

storm surge analysis method of Vance Myers (1970) has been adopted

by NOAA for the purpose of predicting flood risks of coastal communities for

insurance purposes. In the course of the present investigation the following

difficulties were encountered in our attempt to use Myers' method.

1)

Myers' grouping of the parameter frequencies causes some errors.
Additional errors are introduced by the inadvertent assumption that
the maximum values of the parameters have definitely been observed

within the limited time for which data is available.
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(2) The question of correlations amongst the parameters has been raised

by Myers, but the way his method is set up, it is not possible to
take into account any correlation amongst variables.

(3) The observed marginal frequencies are biased by any correlation

amongst the variables,

In the proposed simulation method all of the above limitations have been
overcome by simulating the wvariables according to the observed covariance
structure of the historical data.

Myers' method is similar to simulation method in the following respects.

(1) Beth have adopted a regional analysis in the sense that the statistical

distributions of the parameters defining a hurricane are obtained from
the hurricanes hitting a zone of coast including the point under
consideration.

(2) Surge frequencies are computed from the hurricane parameters using a

suitable hydrodynamic model.

(3) Both methods use Jelesnianski's hydrodynamic model for surge

computations.

(4) Winter storm surge distributién is obtained from the historical records.

Thus both methods share the limitations due to:

(1) The limited length of historical data for deriving frequency distribu-

tions of parameters.

(2) Errors in observing and reporting the values of the parameters.

(3) Assunmptions such as straight coastline and vertical wall at the

coast in the hydrodynamic model.
The proposed method is, however, more general in the sense that:
(1) It can take into account the correlation amongst variables.

(2) It uses the underlying joint distribution of the parameters for further
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computatioens.

(3) It does not put bounds on the values of the parameters based on the

limited observations.
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Underlying Distribution of the Significant Parameter

In order to implement the proposed simulation method (described in the
next chapter) for computing the flood freqﬁencies for the Delaware coast, the
underlying distributions of the significant parameters of hurricane and tides
have been extracted from the historical data pertinent to the Delaware coast.

(The simulation results thus obtained have been compared with the similar results

obtained by other methods).

Central Pressure Deficit P

Historical hurricane data has been collected for the Atlantic Ocean Fast
Coast Hurricane Zone 3 and 4 (Bretschneider, 1972). Tables 1 and 2 have been
reproduced from Bretschneider (1972). The central pressure index, defined as the
difference between the central pressure of the hurricane and the ambient atmos—
pheric pressure, in inches of mercury, and its square root an& their relative
frequency for a sample of 19 hurricanes during 1913 and 1967 have been presented
in Table 3, The probability distribution of square root of intensity of
hurricane in inches of mercury has been plotted on normal probability paper
(Figure 7). It can be seen that the normal law describes the distribution
excellently. The deviation from the normal law at the lower end has been

caused by the fact that the reported data does not include storms which have

less “than hurricane force wind.

Radius of Maximum Wind

The frequency distribution and observations for the radius of maximum

wind is listed in Table 4. A
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No.

Lo~

Date

9-27-58
10-15-54
9-21-38
9-14-44
9-16-33
9-11-60
8-12~55
9-19-55
9-18-36
8~23-33
8-25-24
9-9-13
8-24-49
12-2-25
9-17-06
9-10-54
8-28-58
8-30-54
9-16-67
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TABLE 1

U.S. East Coast Zone III Hurricanes

Latitude

34,0
33.0
33
35.2
3542
374
34.5
35,0
252
36.9
35.2
35.8
33:5
34.2
34.0
34.8
34.0
334
36.6

R
Radius of Maximun
Wind in Nautical

P
Central Pressure
Index in Inches

v
Speed of Hurri-
cane Center in

Miles Hg Knots
25 2.26 18
36 2.26 26
50 2.06 474
39 2.04 23
42 1.67 9
36 1537 30
45 1;52 7/
50 1.41 9
34 1.39 16
36 1.29 18
34 1.22 22
41 1.11 16
24 1.06 22
54 97 14
61 .94 16
17 1:95 -
39 1.66 17
39 157 17
39 .95 9
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9-21-38
A=14-44
8-31-54
9-19-36
8-26~24
9-11-~54
9~16-33
9-11-60
8-29-58
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TABLE 2

U.S. East Coast Zone IV Hurricanes

Latitude Radius of Maximum

41,8
41,4
41.8
38.0
41.3
34.8
34.0
35,4
36.6

R

Wind in Nautical

P
Central Pressure
Index in Inches

Y
Speed of Hurri-
cane Center in

Miles Hg Knots

50 2.06 47
48 1,61 30
22 1.54 33
34 1.38 33
66 1.22 29
1.4 1.95 -
39 1.66 17
39 L.57¢ 17
39 .95

9
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TABLE 3

Probability Distribution of Hurricane Intensity
for Zone IIT

Rank Central Pressure ié?)lfz Cumulative Proba-
Deficiency in bility in %

Inches of Mercury

1 .94 . 9693 2.6
2 .95 . 9749 7.8
3 .97 . 9849 131
4 1.06 1.029 18.4
5 1.05 2456
6 1,92 1.1045 28.9
7 1.29 1.136 34,2
8 1.39 1.179 39.4
9 1.41 1.187 44,7
10 1.52 1.233 50.0
11,12 1,57 1.2503 ' 60.5
13 1.66 1.288 65.7
14 1.67 1.292 71.0
15 1.95 1.396 76.3
16 2.04 1.4283 81.5
17 2,06 1.4353 86.8

18,19 2.26 1.503 97.3



36

Probability Distribution of Rzggﬁi 2f Maximum Wind of Hurricanes
in Zone III
Rank Radius of Maximum Cumulative
Wind (Nautical Miles) Probability
in %
A 17 6.67
3 25 20.0
5 34 33.3
8 36 833
9 41 60.0
L 45 7343
13 50 86.6
14 54 93.2

15 61 100.0

The cumulative probability distribution of the radius of maximum wind
has been plotted on the normal probability paper (Figure 8). It can be
seen that the observed radii of maximum wind are very well represented by
the normal distribution. Mean radius of maximum wind is 36.3 nautical miles,

The standard deviation is 12.2 nautical miles.

Forward Speed

The historical data for the forward speed of the hurricanes and their
frequency distribution is placed in Table 5.

The cumulative frequency distribution for the forward speed has been
plotted on the normal probability papér (Figure 9). It can be seen that the

normal law describes the distribution very well. Deviation of small forward
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TABLE S
Probability Distribution of the Forward Speed of Hurricanes
in Zone III

Rank Forward Speed Cumulative Probability
(knots) in %
1 & | 7 6.67
4 9 26.9
5 14 33.33
8 16 53.3
10 18 66.7
12 22 - 80.0
13 23 86.5
14 ' 26 92.2
15 30 100.0

speed from the normal law may be attributed to the difficulty in accurately
measuring small forward speeds. The mean forward speed for the hurricanes

visiting this area is 17.5 knots. The standard deviation is 6.3 knots.

Direction of Approach

Historical data for azimuth and their frequency distribution has been
placed in Table 6.
| The frequency distribution for azimuth has been plotted on normal
probability paper (Figure 10). Between 57 to 98% the distribution is well
represented.ﬁy the normal distribution. Only two occurrences at the lower
end are far away from the normal. The mean azimuth is 214.0 degrees and the

standard deviation is 24.2 degrees.
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TABLE 6
Probability Distribution of Azimuth of Hurricanes
in Zone IIIL

Rank Azimuth in Degrees - Cumulative Probability
ia %
1 100 2422
2 150 4. 44
4 180 8.88
8 190 17.76
13 ; 200 28.90
21 210 46.60
28 220 62.30
33 230 73.40
37 240 82.40
43 250 95.50
44 260 97.90
45 280 100.00

Tide

High tides for the month of September for a 19-year epoch period have been
computed for Atlantic City by the Pore and Cummings' tide program (1967). The
month of September has been chosen to represent the whole of hurricane season.
The cumulative frequency distribution is presented in Table 7 (after Myers',
1970).

The cumulative frequency of the tide amplitude squared has been plotted on
the Rayleigh probability paper (Figure 11). It can.be seen that the tide

amplitude squared is excellently represented by the Rayleigh distribution.
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TABLE 7
Probability Distribution of Tide Amplitude

Height Above Mean Sea . Square of Column 1 Cumulative Probability

Level - Ft. in %
1.6 2.5 3.8
1.8 3.2 8.7
2.0 4.0 15.1
5.8 4.74 21.7
2.4 5.76 30.5
2.6 6.76 41.1
2.8 7.84 53.6
3.0 9.00 68.9
5.3 10.24 80.9
3.4 11.56 89.4
3.6 12.96 95.2
3.8 14.44 99.0

Winter Storm Surge

Maximum winter storm surge for the breakwater harbor for the period
1953-1974 bas been analyzed. The frequency distribution for the winter storm
has been computed and placed in Table 8.

The frequency distribution has been plotted on the normal probability
paper (Figure 12) and it can be seen that the normal law represents the distri;
bution very well., Mean level of maximum winter storm surge is 5.37 feet above

Mean Sea Level and the standard deviation is 0.6 feet.
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TABLE 8
Probability Distribution of Yearly Maximum Winter
Storm Surge

Rank Maximum Annual Winter Cumulative Probability
Storm Surge Datum in %
4.23 Ft Below MSL

2 8.9 9:5

3 9.0 14.3
4 9.1 19.0
6 9.2 28.6
7 9.3 33.3
i 9.4 52.4
13 9.7 61.9
14 9.8 66.7
15 9.9 71.4
16 10.0 - 76.2
17 10.2 81.0
19 10.5 90.5
20 10.6 95,2

21 12,0 100.0
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CHAPTER VI

Implementation of Simulation Method

The random hurricane parameters were simulated according to their
underlying distribution. The surge computation was made by the hydrodynamical
model of Jelesnianski in its nomogram form with verification. The compounding
of tide and the effect of distance of landfall on the surge was done according

to the method of Vance Myers.

Simulation of Random Hurricane Parameters
i g T

The various parameters characterizing a hurricane were generated by CGaussian
random number generator., In this method two uniform_random numbers are
generate& Ul and U,. Then G = /:EPEBE_EI = cos (2w U2) is Gaussian
random variable. 1In order to improve the Gaussian properties further, 25
such numbers have been generated and added together. Thus random numbers
very close'to Gaussian have been generated. The following parameters were
generated ,tested and stored on card and disk for later use in surge simulation

program. Means and standard deviations of each of the parameters have been

listed in Table 9.

TABLE 9

Parameter Distribution Mean Standard Deviation

(_ﬂP)]‘f2 Square Root of Central
Pressure Deficiency in Inches Gaussian 1.22 . 212
of Mercury -

R Radius of Maximum ¥iind in
Nautical Miles Gaussian 36.3 122

V Torward Speed in Knots Gaussian 1.5 6.3

Azimuth Direction from
North in Degrees i Gaussian 214.0 24,2

Winter.Storm Feet Above
MSL Gaussian 5.37 6

Tidel and Ting Gaussian 0 1.54
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Rayleigh variate for tide was obtained by squaring and adding two independent
Gaussian random variables of Tide 1 and Tide 2.

The distributions of generated variables have been. calculated and found' to
be the same as those of the historical observations. The correlations amdngst

the variables have been computed and found to be very close to zero. The

correlation matrix for the generated random variables is presented in Table 10.

TABLE 10
1/2 _ ) -
(AP) ; R 8 v Tide 1 Tide 2 Phase Dist.
1/2

(AP) 1 ~15 403 -.003 i =12 -,037 - 015
R 1 -.076 .006 ~—.044 -,071 .0244 +003
0 1 . 0008 -.01 . 094 -. 031 .10
v ' 1 -.057 .036 . 075 =03
Tide 1 1 .165 015 .09
Tide 2 1 073 -.112
Phase . 1 -.072
Dist. 1

The computer program for the generation of the random numbers for the given
distribution is placed in Appendix I, The corfelation and frequency distri-
pbution of the generated random numbers was carried on by relevant programs

in the SPSS (Statistical Package Social Sciences) at University of Delaware

Computing Center.

Hydrodynamical Model

In order to construct frequency distribution for the surge we need a
hydrodynamical model in order to compute the surges from the random hurricanes

generated in the previous subsection. Of different hydrodynamical models for
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computing the hurricane surge, the one due to Jelesnianski and adopted by NOAA
is the best available in the sense that it takes into account maximum number
of significant parameters. There is, however, one serious limitation of the
method. It stems from the assumption of vertical wall at the shoreline, This
also means that this model cannot handle the flooding of the coastal flatland.
Other problems which need to be solved include (1) surge computation in bays,

(2) the effect of wave run-up, (3) interaction between tide and surge and

(4) the surge computation for ill defined wind patterns such as winter

storms. Until a better method is available Jelesnianski's method has been
adopted by NOAA and Shore Protection Manual Nomograms are based on the compu-
tations by this method. Hence for the present study the Jelesnianski's hydro-
dynamical model has been adopted.

The SPLASH IT programs developed at NOAA by Jelesnianski and his
associates was obtained. The original program is on tape and coded in Fortran
for Model CDC 6400 computer belonging to NOAA. The program has been recoded
here in Fortran IV so that it is compatible with the B6700 computer at the Univ-
ersity of Delaware Computing Center, While recoding, maﬁy of the subroutines and
sub-sections of routines specifically relating to the flood forecasting aspect
of the overall program have been deleted. The recoded program has been
debugged and successfully run on B6700 at UDCC. The details of the SPLASH IIL
program as run on the B6700 computer at UDCC is placed in Appendix II.

To test the program September 1944 hurricane was used. The results of this
run are placed in Figure 13. The observed surge profile at Atlantic City is
shown in solid lines. The circles represent the hourly computation by the
SPLASH IT program on B6700. The broken line shows the surge profile based on
Jelesnianskl's 1967 computations.

Unfortunately, the program takes about 30 minutes of computer time on B6700
and is very expensive. Thus the original plan for running each random hurricane

on the hydrodynamical model to get the storm surge frequency had to be modified.
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Shore Protection Manual Nomographs with sﬁitable verification for Delaware
coast has been used instead. Several hurricanes were run with actual
bathymetry relevant to Delaware coast and compared with the surge values obtained
from the nomograms. The four storms selected were incident normally and moving

at 15 miles per hour and had central pressures and radii listed in Table 11.

TABLE 11

Surge in Feet
Central Pressure Radius in Miles Fron Nomogram SPLASH II
Deficit in mb

1 60 30 11.6 15.0
2 60 15 10.4 8.8
3 90 30 17,9 2249
4 90 15 15.7 13.2

The storm surge computed from the nomograph has been plotted (Figure 14)
against the surge values obtained from the SPLASH IT program using actual
bathymetry for the Delaware region continental shelf. It can be seen in the
Figure 14 that the four test values are scattered around the 45° line. It
can be seen that the use of nomograms for large number of computations is
quick and economical and does not involve serious errors.

For quick and error free evaluation of the surge values, the points on
the nomograms have been read at equal intervals and fed to the computer. Then
by a two-dimensional spline interpolation technique, the surge values have

been obtained from the two nomograms.

Simulation of Surge

Random hurricanes are read from the stored set of random numbers which
have been tested and found acceptable for the purposes. The parameters

of the random hurricane enter into the interpolation program for finding the
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Figure 14
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Surge in Feet Computed with Actual Bathymetry

Comparison of the surge computed from the nomograph with the
surge calculated on the computer with Jelesnianski's program
using the actual bathymetry for Delaware Atlantic Coast.
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surge from the nomograms. After multiplying by constant shoaling factor, we get
a peak surge value. Now it needs to be combined with tide and spatial variation
of surge along the coast to be taken into account.

Combination of storm surge with tide follows essentially the way Myers
has done (1970). The temporal profile of the surge can be approximated by
a Gaussian bell curve particularly the peak is very close to it. Temporal

profile can be approximated to the following

- 2
St = SOEXP [-.40547 (2t/t2/3) ]

Ii

in Wﬁich.So maximum surge at time t = 0

St

I

surge at time t

t = total time in hours for St > .2/3 So

2/3

The parameter t2/3 is a measure of duration of the high surge. In géneral,
the greater the radius of the hurricane, the greater the duration of the
high surge and faster it moves, less the duration of the high surge. Also
oblique storm will have more duration of peak than the one incident normally.

Thus

t2/3 a R
t:2/3 o -%-
and t2/3 o sin 0
Vance Myers has computed t2/3 for several storms. On the basis of previous
considerations, Myers data was used to find'a regression equation for t2/3 =

f(R,V,0). Several combinations of these and other variables were entered
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into a stepwise regression program (BMDO2R) and the results found were

R
ty/3 = 80674 + .89414 T + .20797-% sin ©

2/3

with a multiple correlation of 0.9875. The above regression formula has been

used to find t and approximate the temporal profile.

2/3
Tide amplitude was generated according to Rayleigh distribution fitted
to the historical data for September high tide. A simple cosine profile
has been assumed. The phase of the peak tide with respect to peak of the
surge is assumed to be independent and uniformly distributed. From the
combination of the two profiles we obtain the maximum surge on the coast.
However, the maximum surge thus obtained may not be at the point of

interest. Using Myers' method again the spatial profile of the surge has

been assumed to be Gaussian bell shaped curve.

Q ) - 2
Sq = Sy EXP [-.40547 (2 d/d,, )"

>
The parameter d2/3 is distance for which 84 > 2/3 S,

where Sm = maximum surge at d = 0

]

S surge at distance d from the point of peak Surge along the coast.

d
The parameter d2/3 has also been computed by regression equation obtained from

the Myers data.

d.,. =76.73 + 1.1V - .01452 R? - .00625 V2

2/3

The distance d of the point of interest from the point of maximum surge has

been assumed to be uniformly distributed.
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The above consideration applies to the computation of landfalling hurri-
cane. Similar computations are carried out for the parallel hurricanes. The
overall simulation method has been schematically presented in Figure 6. Maximum
surge computation has been carried out in the following way. A uniform
random number between 0 and 1 is generated. TIf this number is less than .24,

a hurricane occurs and a random hurricane is drawn. Now another uniform random
number 1s generated to decide if the hurricane is landfalling or parallel. The
combined hurricane surge Sm is computed by appropriate segment of the program.
If the hurricane does not occur, Sm is set equal to zero. Now the winter

storm surge Sw is generated and max (Sm,SW) is retained as the annual maximum

surge level. In this manner maximum surge for 792 years have been computed.



CHAPTER VII

Discussion of Results, Conclusion and Recommendations

Simulation has been carried out for 792 years during which 173 hurricanes
occurred. The distribution parameters for the observed hurricanes have been

compared with those of the 173 simulated hurricane parameters in Table 12.

TABLE 12

Mean Standard Deviation -

] 4
Parameter Observed Simulated Observed Simulated

(fi\P)]'/2 Square root of central
pressure deficiency in

inches of mercury 1.22 L. 227 #212 .214
R Radius of maximum wind in

nautical miles 36.3 36.72 12,2 10.95
Vv Forward speed in knots 175 16.37 6.3 397

Azimuth, direction from

north in degrees 214.0 213.78 24,2 23.68

Winter storm 5.37 5.36 0.6 0.64

All the parameters have been simulated reasonably accurately. Noticeable
deviations in R and V have been caused due to the fact that some of the
simulated values were beyond the range of the nomograms. Noting that R and V
have secondary influence on the surge, it 1s believed that deletion of these
radii and velocities would have insignificant influence on the extreme surge
distribution.

Annual maximum surges for 792 years have been obtained by the method
outlined in the last chapter. The frequency distribution of the annual maxima

has been computed and placed in Table 13.
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TABLE 13
Surge Level Surge Level Cumulative
(Datum MSL) Datum 4.23' Probability

Below MSL in 7
3.99 8.17 1.0
4.60 8.83 10.0
4.88 9.11 20.0
5.09 9,32 30.0
5.26 9.49 40.0
5.39 9.62 50.0
5.53 9.76 60.0
5.70 9.93 70.0
5.87 10.10 80.0
6.12 10.35 90,0
6.36 10,59 95.0
6.62 10.85 _ 98.0
6.73 10.96 99.0
6.89 11.1.2 99.5
7.06 11.29 99.6
7.16 11.39 © 99,8
8.36 12.59 99.9

The above frequency data has been plotted on the Gumbel extreme value
probability paper., On Figure 15, the points are plotted as crosses. For
comparison with éimilar studies, data of Yang, et al. (1970) have been
plotted as circles. This study was based on the historical high water record
at the Breakwater Harbor for the last 21 years. The circle at 12,1 ft repre-
sents the 1962 storm surge, This is the highest recorded water level at the
Breakwater. In order to compare the present simulation method with the
Myers' method, on Figure 15 the surge frequency for Atlantic City computed
by Myers' method has been plotted as triangles connected by solid lines. It
can be geen that the three types of approaches lead to the same general trend
in the extreme surge frequency distribution below 90%.

It is interesting to note that the difference between the Myers' results
for Atlantic City curve upwards above 907 whereas results of the simulation

method fall neatly along a straight line in 90% to 99.8% range. The point
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corresponding to the highest value in the 792 years of simulation seems to
have a return period much greater than 792 years. Above 90% the results
of Yang et al., has only one point which definitely has a return period
greater than 21 years for which data is available.

Of the historical surge distribution, only one point, i.e., at 12.1 ft.,
pertaining to the 1962 storm deviates significantly from the general trend.
It seems that the storm of this size, intensity and duration has a return
period much longer than the time span for which data was available to construct
the extreme surge frequency. Ilence this point lies to the left of the general
trend,

The 1962 storm has been studied in greater detail because it recorded
the highest surge level and caused the severest damage along the Delaware coast
and also similar winter storms hit the Delaware coastlmore often than the
hurricanes. Tigure 16 shows the development of the storm in various stages.
At the peak of the storm, it had a central pressure deficiency of 50 mb. By the
nomograph method the maximum surge has been computed to be 4.5 ft. The
SPLASH II program has also been used to generate the surge profile. The actual
surge and the computed surge are shown in Figure 17. The difference between
the actual and computed is not surprising if we remember that SPLASH II modeled
the sprawling, elongated storm system by a compact pressure and wind pattern
appropriate for a hurricane. It did not take into account the fact that
the long fetch of the wind patterns had been accelerating the surface water
over long distances and for a long length of time. The actual surge recorded
at the Breakwater Harbor is shown in Figure 18. It is interesting to note
that as high as two feet of interaction between tide and storm-driven currents
occurred. The interaction peaks occur during the receding tide just after the

mean sea level time,
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Figure 16 Sea-Level Pressure Charts from 1300 EST March 5, 1962 to
Q100 EST March 8, 1962.
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Some of the simulation points, particularly those associated with high
probability, deviate from the general trend. This is due to the fact that
the 792 years of simulation contains only 173 hurricanes and, out of those,
very few came close to the point of our present interest. It is, therefore,
expected that the surge estimates for return periods close to 792 vyears may
not be very accurate.

In conclusion, the following limited objectives have been achieved:

(1) On the basis of physical interaction among metereological variables,

1[2, R, V and 6 have Gaussian distribu-

it has been derived that (AP)
tion.

(2) The previous conclusions derived from heuristic reasonings have
been found to be reasonably accurate for the Delaware region.

(3) There is no significant correlations among the variables.

(4) Tide amplitude for the hurricane season has Rayleigh distribution.

(5) A computer program has been developed to generate uncorrelated
Gaussian random variables,

(6) Jelesnianski's SPLASH II program has been adopted to the Burroughs
Model B6700 computer of the University of Delaware Computing Center.

(7) A simulation technique has been developed for computing annual
extreme surge distribution.

(8) The newly developed technique has been applied to the Delaware coast.

(9) The results thus obtained have been compared with the extreme value
distributions (i) derived from the historical data (Yang, et al., 1970)
and (ii) computed by Myers method for the Atlantic City area.

(10) A computer algorithm has been developed for simulation method when

the variables have significant correlations amongst themselves.
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In the process of developing a new method and applying it to the Delaware

coast, it was found that the simulation method as well as the hydrodynamical

model need to be considerably sharpened. The following points are suggested

for future studies.

1)

(2)

3)

)

(5)

Historical data pertaining to hurricanes need to be researched and
refined so that we can have more confidence in the reported data.
Correlation among variables can be taken into account by the
algorithm developed in the present study. The method needs to be
implemented on computer.

The interaction between tide and surge is noticeable and it needs

to be quantified.

Hydrodynamical model needs to be improved to take into account coastal
flatlands, curved coastline and bays like Delaware Bay.

Effect of wave run-up on flooding needs to be taken into account.
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APPENDIX T

(A) Computer Program for Generating Random Numbers

This program generates 6 Gaussian random variables with zero mean and
unit standard deviation and two random variables uniformly distributed between
0 and 1.

The uniform random numbers are generated by the system subroutine URAN3L.
The Gaussian random variables are generated by the following procedure. Two
random varilables uy and u, are generated according to uniform distribution

between 0 and 1. Then

B=V -2 log uy * cos (2T u

2)
has CGaussian distribution with zero mean. The Gaussian properties of the
random variable has been further improved by averaging 25 of them.

In the beginning the user can specify the following variables.

N = no. of data in each wvariable.

1x = seed no. for the program generating uniformly distributed random
numbers. Should be large integers and relatively prime.

M = integer specifying the no. of raw Gaussian numbers to be averaged.
DP, R, PHI, V, TIDEl and TIDE2 are Gaussian random variables. DIST and
PHASE are uniform random variables. All the random numbers written on
the printer as well as on the diskpack and cards for testing and for
final use in simulation.

The program can be modified by changing N to get required sets of random

numbers. - The output and listing of the program is given below for reference.
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(B) Computer Program for Simulation

This program uses the random numbers generated in the previous praj:..

to implement the simulation model.

Input to the program:

(1) Through DATA statement:

(2)

(3) Sets of random numbers either on disk or cards. In the present casc

OQutput from the program:

(1) Listing of the data read for interpolating the Shore Protection

(2) Listing of sets of random numbers which were bevond the range of

ADP

SIGDP
AR
SIGR
APHI
SIGPHI
AV
SIGV

RANGE

Through
PHIS
SHFACT

SIGTID

cards have been used.

Manual nomographs.

the nomographs.

Average of square root of central pressure index of hurr:.
in inches of mercury

Standard deviation of

Averaging the radius of maximum wind in nautical miles
Standard deviation of

Average azimuth of hurricane direction

Standard deviation of

Average speed of hurricane center in knots
Standard deviation of

Length of coastline considered in simulation

executable statements:
Azimuth of the imaginary straight coastline
Shoaling factor from Shore Protection Manual

Standard deviation of tide amplitudes for hurricane season
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(3) Listing of the actual hurricane parameters used in the simulation
and computed hurricane surge on disk and printer. The output on
disk only was used in the present instance for finding the extreme

value distribution of the surge and the parameters.
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PLOTTING PROGRAM AND OUTPUT: SEPTEMBER 1944 HURRLCANE

In the following are the plotting programs of HTH DATA 1ibra£y subroutine
of the plotting program and three-dimensional plots of the surge surface
height (z - direction) versus time (hour, y - direction) and coastline
distance (mile, x - direction). The X, Y, Z directions follow those in
Fig. 1 (p. 150).

The 81 values along the X-axis of the plotting program HTH (81.19) have
been reduced to 41 values. The distance between two points is 15 miles.
There are 19 points in the Y-axis of the plot. The height of the surge (in
feet) in the Z direction is defined from a zero datum at 15 feet above the
origin for the sake of a better view of the surge surface.

All the data were generated from the_main program by values of HTH
(81.19), defined and stored in File 1, for the surge heights of the September
14, 1944, hurricane. No. 1. There are three other simulated storm surge
height outputs for the 1944 hurricane. The only difference among the four

sets of outputs are values of storm size and pressure drop.
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NAME: SURPRJ, SPJALG

FUNCTION:

Surface projection. To project a function of two
independent variables onto a plane and display
this projection with hidden lines removed.

CALLING SEQUENCE:

ARGUMENTS :

XA

XCT
YA

YCT

VERT

ROT

TL

NTL

COMMENTS :

i

ALGoL. -
SPJALG (XA,XCT,YA,YCT,H,VERT,ROT,F,TL,NTL);

‘FORTRAN -

CALL SURPRJ (XA, XCT,YA,YCT,H,VERT,ROT,F,TL,NTL)

the one-dimensional array containing X (abscissa)
coordinate values. '

the number of X values in XA, maximum of 60.

the one-dimensional array containing Y (ordinate)
coordinate values.

the number of Y values in YA, maximum of 60.

. the. two-dimensional array containing the Z data

values which define the surface. H must be dimen-
sioned (XCT,YCT) and all data values must be greater
than or equal to zero.

the vertical angle (degrees) of inclination of the
observation from the X-Y plane of definition,
0<VERT<90. (see Comments)

the angle of rotation (degrees) of the observation
about the Z axis. (see Comments)

For isometric projections, 0<ROT<89.

For true projections, 15<ROT<74.

the focal length. (see Comments)

For isometric projections, F=105,

For true projections (the observation point located
in the reference plane), F=0. :

the array which contains the title of the projection.

the number of characters (blanks included) in the
title, maximum of 120.

Routine PLTSRT (ARR, device) must be called before
SURPRJ or SPJALG to identify the graphics output
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device. A call to PLOT (0,0,device) after the call
to SURPRJ will insure transmission of the entire

plot to the display device. The arguments for PLTSRT
and PLOT are defined as follows:

ARR is a dimensioned array containing a character
string.

device=9 implies plotting on the Tektronix.

device=-9 implics plotting on the CalComp plotter.

2. The graphic output is automatically scaled to approxi-
mately 8.5 inches square including a 0.5 inch space
below the title. When using the Tektronix display a
call to FACTOR must be made to scale the projection
to a size which will fit on the screen which is 7.5
inches wide and 5.6 inches high. The pen returns to
(0,0) at exit. :

3. The number of X values XCT may be different than the
number of Y values YCT; the reference plane (see Com-
ment 5) need not be square. Also the spacing between
X coordinates and/or Y coordinates may be variable.

4, An error comment is printed on file 6 for a surface
too irregular for SURPRJ.

5. Arguments VERT, ROT, F

The X-Y coordinates specify the plane of defini-
tion or reference plane. The value ROT specifies the
-angle of rotation of the line of observation about the
7 axis. The value of VERT is the angle of inclination
of the observation above the reference plane. The
surface is then projected onto a plane perpendicular -
to the line of observation. The:-focal length F defines
%, 2" :

z"

I, Y“

-VERT
¥igure 1

~_~Projection
;///, Plane

- 4 Y
/ V

Reference Plane ine of Observation
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A

the point of observation of the projection, that

is, the distance of the viewing point from the plane
of projection. Isometric projections (F=10°) show
all dimensions in their actual size. True projec-
tions (F=0) are shown in perspective so parts of the
surface nearer the viewer appear larger than parts
that are farther away. Figure 1 shows the coordinate
system and transformations in general. Figures 2-4
jllustrate specific viewing orientations.

e o
- //l =
Figure 2 -/j;ki,/i:EEE::

Cube positioned on
reference plane.
(Top shaded as a visual aid.]

Figure 3

—
View of gube at ™~ >
ROT = 30, VERT = 30 ,
Pe=30

| | |
L‘H“mh L///View of Sube
_ | /atROTgBO, g
: ] VERT = 30°, F = 10
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USER'S GUIDE

This program was applied to a parallel piped section (or basin) of the
continental shelf, bounded on one side by a coastline with "vertical wall"
and the remaining three sides by the open sea. The surge was generated by a
storm driving force. If the storm is traveling very slow, or is stationary,
or is moving at a speed greater than 60 m.p.h., then the program will be
terminated with a warning message. This program does not allow storm track
direction change of more than 15 degrees/hour. The storm size must be between
10 miles to 60 miles and the initial and final pressure drop must be between
10 MBS to 140 MBS.

The program was run on the Burroughs 6700 system at the Computer Center
of the University of Delaware, using standard Fortran IV, with some variations
in library functions and subroutines. The program uses "Timi" instead of the
word "Time" to avoid confusion with the intrinsic function "Time'" in the
Burrough system. The computer hardware used includes the Burroughs 6700
central processing system with a 136 column output line printer, a 80 column
card reader and an 80 column card puncher. The 9 track tapes were used to
store meteorological input data and to transfer data to the diskpack. Each

computer run takes about 25 minutes.
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arranged in sequence of data cards.

INPUT DATA SAMPLE

A sample for the required input data is given below.

following the sample.
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Definition of all sysmbols are given

AIDENT (JOB INFORMATION)

The data are

® | % | % [* 1% |% |%| STORM RESEARCH |* | *| PLOT CARD 1
13A6.A2 FORMAT
STA (STATION NAME)
¥ |% | % C|A [P |E |* |* [M Y CARD 2
2X Al0 FORMAT
ALTO ALNO NBPOS LMLE
A LA A A 3|8 " |6 [4 |A A A7 |4 " |9 |A [A N R = 12 L
F10.3 F 10.3 A5 L5
CARD 3
FORMAT
PHI ALAT
A 217 5 |A |3 |8 6 CARD 4
F 5.1 F 5.1 FORMAT
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ALT (1) ALN (1)
AlA]3 AlA A |A & Y1 |7
AlA|3 71514 |A &7 13
AlTA|3 o O AL7T13
AlALS3 213 A [ AT LE]E
AjA]3 Ala|A]A Al7 10
F ld.S ¥ 10.5
- P_O.Mﬁ__
X130 CARD 10
7 Sl FORMAT
PE
Al b |4 CARD 11
F 5.1 FORMAT
RO
Al4|O CARD 12
| O FORMAT
RE |
u,g!.@lﬂ! CARD 13
CFs.a | vomar

CARD 5

CARD 6

CARD 7

CARD 8

CARD 9

FORMAT
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IST™
112{010 CARD 14
14 FORMAT
IDAY
A6 CARD 15
T 2 FORMAT
NMNTH
M|{A|R|C|H CARD 16
A5 FORMAT
IYEAR
119|162 CARD 17

14 FORMAT
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IL. DEFINITION OF SYMBOLS
CARD 1
AIDENT = Contains job information such as the job title and job
identification. Maximum 80 alpha-numeric characters.
GARD 2
STA Nearest station to center of basin. Station name up to 10
alpha characters. First two columns must be blanks.
CARD_3
ALTO = Latitude of basin's coastal center; use first 10 columns
(column 1-10); real number; Format F 10.3.
ALND = Longitude of basin's coastal center; use second 10 columns
(Column 11-20); real number, format F 10.3.
NBPOS = Direction of basin center from STA (nearest station of basin
center); from column 21-25; five alphabetic characters; format
A5.
LMLE = Distance in miles from STA to basin center; from column 26-30;
integer; format I 5.
CARD 4
PHI = Angle in degree from North of STA (Tig. 1) to idealized coastline
of STA (clockwise); first 5 columns; format F 5.1.
ALAT = Latitude of basin center; next 5 columns (column 6 ~ 10);
format F 5.1.
CARD 5 to CARD 9 ~- Storm track divided in five positions, each separate by
6 hours distance;
ALT (I) - positions in latitude;
ALN (I) - positions in longitude.
CARD 5
ALT (1) = Storm first position
ALN (1) = Storm first position
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CARD 6
ALT (2) = storm second position
ALN (2) = storm second position
CARD 7
ALT (3) = storm third position
ALN (3) = storm third position
CARD 8
ALT (4) = storm fourth position
ALN (4) = storm fourth position
CARD 9
ALT (5) = storm fifth position
ALN (5) = sotrm fifth position

All ALT column 1-10; Format F 10.5
All ALN column 11-20; Format F 10.5

CARD 10
PO = initial pressure drop, 10 MBS < PO < 14° MBS, real number,
Format F 5.1.
CARD 11
PE = final pressure drop, 1OMBS < PE < 140MBS, real number, Format F 5.1.
CARD 12
RO = initial storm size, 10 mile < RO < 60 mile, real number, Format
P 5.4,
CARD 13

RE = final storm size, 10 mile < RE < 60 mile, real number, Format F 5.1.
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CARD 14 to CARD 17 - dinitial time, hour, day, year of lst of storm five
: positions.

CARD 14

ISTM - dinitial hours of lst position, integer, Format 14,

CARD 15

IDAY =~ initial day of 1lst position, integer, Format T2.

CARD 16

NMNTH = Month of lst position, maximum 5 characters, Format A5.

CARD 17

IYEAR - Year of lst position, Format TI4.
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TIT. DATA FILE (TOPOGRAPHY)

30

File 2 = Data UNIT = DISKPACK, RECORD = 14, BLOCKING

'ile 2 is to be defined in this program for storing the information of SKW and

DD in diskpack. The first 151 data are values of SKW. Then follow values of

DD (15% data).

SKW (151) = (miles) Distance (along the line perpendicular to idealized coast—
line) from idealized coastline to coastline; each of the 151
distance are separated at 4 miles along idealized coastline.

STA is set in the middle of this 600 mile line (Fig. 1). The
coastal distance to the right of the idealized coastline is
taken as positive; to the left negative. IData are real numbers

with Format F 6.1.

pD (10, 151) = Depth of the basin. There are 151 data values taken along
points intercepted by the X axis and Y axis (Fig. 2). All
points are separated at 4 miles apart in both X and Y
direction. The coast in the X-direction is extended for 40
miles and in the Y-direction 600 miles. Data are all read

numbers with Format F 6.1.
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£16.2 GRID SYSTEM
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IV  Output of the Program: The output of this program consists of six parts

as follows.

(A) TInput storm positons check: five storm positions are read in the computer.
Check their time (hour, day, month, year), latitudes, longitudes,
pressure drop and storm size. Print the distance (length) from STA

to storm position, the azimuth of the storm, and the x and y

coordinates of the storm position (centered at STA, see Fig. 2).

(B) Tabulated 48 hourly data of (smoothed) storm: These are data of time
(hour, day, month, year), storm positions (by latitude, longitude,
and by %-coordinate, y-coordinate), speed, and direction of storm

motion, pressure drop (Delp), storm size and initial and terminate

computation time of HTH (19.81) data.

(C) Coefficient and constant: Print constants and coefficients defined in

and calculate by this program (see comment on subroutine force and

force 1).

(D) Depth (feet) of field around basin center: Check the basin dépth around

central afea 28 miles (y-axis) x 36 miles (x-axis). The basin

center (75.12).

(F) Storm data at time of nearest approach to basin center: (1) Data of
position (by x, y coordinate), maximum wind radius, speed, PADD
(pressure in MB from RO = 149 to RO = infinity), and pressure drop.
(2) Wind speed, pressure, inflow angle, and static, height s (in feet)

as well as pressure gradient as a function of distance from storm

center (radius).
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(F) Surge height (feet) data: HTH (19.81) is the surge height, its x-—
coordinate, has 19 values correspondent to 19 hours from initial
computation time (6:00 a.m., March 6, 1962) to terminate computation
time (0:00 a.m., March 7, 1962). 1Its yhcoordinate has dimension 81,
cooresponding to 600 miles along idealized coastline (7.5 miles apart
between two points). This tabulation in the output data is the
surge height (in feet) along the coastline (idealized) durint the

19 hours period. It is indexed by the left most column from 1 to 81.

(G) Output file 1 = HTHDATA: The output of surge height HTH (19.81) has been
written in diskpack (File 1). This can be used later for plotting and

input to other program for analysis.
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