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ABSTRACT

A lincar form of the transport egnations of motion is used to compute numerically storm surges generated by
model tropieal storms traveling aero=s modv] Lasins. The storms move in any fised direction and speed relative to
a straight line const and have arestrieted mumber of physieal parameters (o fix their strength and size, These param-

cters are readily nvailable in most weather stations.
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ipating mechani=m, introduecd by Platziman, using only an eddy viscosity coeflicient is modified to include

a bottom slip current by means of 1 bottom slip coctlicient. These two cocflicients are used to control the amplitnde

of resurgences o the sea following the passage of tropival

<torms, Numerieal values for the coeflicients are empirieally

determined by comparing computed and observed Tesurgenees off Atlantic City.
Nomograms prepared from the eomputations may have some ekill in forccasting future storm surges.

1. INTRODUCTION

The storm surge prediction problem is concerned with
the rise of constal waters brought about by meteorologieal
storms. The rising waters not only inundate coastal areas
but also aet as a pathway for short swface or wind
waves to move and break farther inland. 1t is the purpose
of thi~ paper to provide some further insight into the
mechanics and prediction of storim surges.

The response of the sea. from driving forces generated
by a moving tropieal stom, is of such complexity that
practical vesult= are obtained only through bold assump-
tions and empirical tests using numerical computations;
an electronic computer, therefure, is viewed asa lnboratory
o compute storm surges using model storms traveling
model basin=. The entire the
however, is much too general for storm surge computations
and only portions of the response are considered.

In the nutural oceans there is a basic flow composed
of the seneral cireulution, varying seasonally. and the
daily astronomical tide. The present state of knowledge
and data acquisition for hurricane conditions on the
open coast does not permit n direet incorporation of the
basic flow into the storm <urge computations, nor provide
the ability to consider nonlinear interaetions with storms,
YFor this reason. and a= o oreat mathemativ convenience,
only linearized forms of the equations of motion are used
in the present study.

The basic flow can be partially aeconuted for in the
computations by appending the predicted astronomical
tide nnd the observed, extrapolated. or predicted seasonal
variations of the sea surface to the computed storm surge
vin the superposition principle (Tareis (5. This is feasible
il the effeets of nonlinear interactions arve small in any
ease these corrections can be applicd only at shore stations
where data are available and not in the open sea.
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Model tropical storms have been used by Jelesnianski
[6] to compute storm surges but without corsidering
bottom stress in the storm surge equations of motion,
The computed surges were found fo be reasonuble fur fust
movine storms making landfall but had serious defiviencies
for storms moving slowly ar traveling parallel to ghe coast
at any speed. Computations therefore were restricted to
storms traveling at moderate or higher speeds wnd with
direction of travel at not too acute a vrossing ange to the
const. For convenience, storms moving from lasd to sea
were omitted even though the computed surges were
reasonable,

A detailed deseription is given in this paper so surges
cenerated by storm travel inndmissible in the previous
paper [6]. These particular surges are complbrated in
space and time. The techniques developed in [6] 1o prediet
storm surges using a restricted number of metesrological
parameters are extended to consider storms cressing the
coast at any angle and speed, as well as storins traveling
parallel to the coast at any speed and distance from the
coust. To consider this broad spectrum of storm velocity
relative to n coast, methiods of applying bottom stres< in
the numerical computations are necessary. The methods
used are useful palliatives in the absence of a souad theory
for bottom stress and dissipating mechanisms.

The addition of a bottom stress in the equations of
motion does not sienificantly change the resultsof [u] bt
does have a commanding effect with storm travel inaud-
mis<ible in [6]. Storms traveling paraliel to the coast at
any speed, or landfalling at slow speeds. form ~ccond
order surge oscillations due to initinlization cects und
specinl wave phenomena, all of stenifieant smiplinude:
these are superimposed on the generated surpe and ean
be controlled by a dissipating mechanism.

Test computations show that certain portiens of the
constal surge profile are almost unaflected when nsing any
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bottom friction law, including a no-friction law if the starm
i< not moving too slowly. For an observer on sea, acing
Lind, and watehing n storm landfulling, the constal pro-
file and peak surge to the right of landfall are not greatly
affected; on the other hand, the profile to the left of land-
fall is sensitive to the type of bottom stress law used.

2. EQUATIONS OF MOTION FOR STORM SURGE
COMPUTATIONS

The model in this study corresponds to that of the
previous report [6), except for the addition of hottom
stress, and consists of an analytically deseribed storm
traveling across n rectangular shaped, variable depth
basin that is open to the sea on three sides. Initially the

. sen in the basin is ussumed at rest, and the storm is al-
lowed to grow to maturity from zero strength in a rapid
but continuous manner.

In storm suree computations, we are primarily in-
terested in the height of the sea surface and only casually
in the current field. 1t is convenient then to transform the
equations of motion to two-dimensionnl transport fields.
This transformation, however, presents serious problems
with bottom stress.

For future use we shall need a continnity transport
equation which ean be written as (Welander [20]):

oV’
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where
U, V)= f

(u, 1)dz’, i.e., transport components

h=storm surge (height of mean sea surface
above equilibrium level)
w, t=horizontal components of current field
D=depth of the sea
r, 9, 2’ =right hand coordinate system (z* in antie-
ipation of scaling).

The momentum equations of motion (not yet in trans-
port form) with hydrostatic approximation can be written
in linear and complex form (Welander [20]) as:
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v=vertical kinematic eddy viscosity

f=Coriolis parameter (constant)

g=graviiy

ho=inverse bavometer effect (hydrostatic height due
to surfuce pressure).

The Inst equation considers inertio-gravitational waves
since the Coriolis parameter s not varied. This
purposely done for the storm surge is small compared to
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the seale lTength of planetary waves. For similar reasons
nomap senle fuetor i= not considered. Laotern] stresses are
excluded since the vertical stress influenced by the surface
wind is believed to be mueh Jurger over most of the area
of interest.

To formulate transport fields, one may directly in-
tegrate (2) in the vertical to obtain
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where
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complex form of surfaee, bottom stress
-0 -
(4)

W=complex form for transports

Q=2Dq.

The surfuce stress can be formulated ss a function of
the wind, but the bottom stress depends on the vertical
gradient of the bottom eurrent. Since enly transport
terms are nvailable if (3) is used directly, it has been cus-
tomary to assume the bottom stress as a smple quadratic
funetion of transport in conformity with esperiments from
pipe or channel flow; corrections to such za empirieal law
for n system under the influence of a suface wind stress
has been given by Reid [16]. This type o bottom stress
will not be considered since computatiomal experiments
gave results that were not always satisfactery,

Other systems of representing bottom stress, which are
linear in nature, have been designed by Nemitsu [9], [10],
[11], [12]; Nomitsu and Takegami [13], [14]: and Platzman
[15]. Platzman’s scheme is more convenient for mnu-
merical computations. In what follows, we will adhere to
the notation given by Platzimman whenever possible.

Let the surface boundary condition be vidwr/0z") |- o= 1.
where 12 is the complex form of the surfsee wind stress,
taken as

r=C% 1y v,
p

where V,=complex wind, p,, p=air, water density,
(' is assumed to be a constant drag eoellicient, and

Cpolp=3>10"% We formulate the bottomn boundary
condition as

ow | i
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where ¢ is a slip coeflicient; here we sre nssuming a
“oliding” current above a very thin bomadary or <kin
layer, where for practical purposes the depth of the skin
layer is taken as zero.

1 only one friction parameter consistmg of an eddy
viseosity coeflicient is used, then computations show that
the storm surge is somewhat sensitive to small changes of
the parameter. The introduetion of a slip eveflicient us o
second friction parameter greatly reduces this sensitivity
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and also gives more freedom when working with dependent
data to better fit compnted nnd observed surge profiles.

1t is convenient to make the vertical coordinate non-
dimensional by the transformation z=z"/D. 1f the time
derivative in (2) is treated as an operator, and the resulting
second order differential equation with variable z is solved
with surface and bottom boundary conditions, then

sinh oz cosh oz 1
whD= = R+|’.’-F s (cosh ah’—su_.]—l—ma, Q (6)
where
n=v/D?

alizi 9
02:".-‘. (1f+a—t)
oR+ (sinh o) @

W =—
D [:3. sinh o+-;3 a cosh cr]

— complex bottom current.

If (6) is now integrated in the vertical (with respect to
z from —1 to 0), the result is

nlo*+G () M=Q+ 1+ H(o) It (7)

where

M=complex transport
(equivalent to dimensionalized W in (3))
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For the purposes of integration with respect to z, and
of algebraic manipulation, the operators, o, A(q), ¢*, H(o),
ete., can be treated as ordinary algebraic quantities and
parameters, save that the operator must remain to the
left of some operand, such as A, ¢, or 7 in equation (7).

The meaning of a compound operator such as Gla),
H(o), ete. is based on power series expansions in o; e.g.,

Glo)=

H(o)=

a(sinh nr)F(t}:[r°+;+§;+ ... JF()

(where the terms of the power series are just the same as
those of a function z sink z) provided the series converges.
When it does not converge directly, means similur to
analytic contintiation can be employed to get the result of
the operator; these means lead to a unique result.

Squation (7) was formed to set @ by itself; it is just as
ensy to set ¢*M by itself if this is desired. The choice of
which term is set by itsell can be governed by the nature
of the numerical scheme to be used.
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Note that for =0, G and I are zero; (7) is thén no
more than (3) without bottom stress, ie., frictionless flow,
Platzman [15) treated exclusively the special ense, s= o,
or w_;=0, i.c., no bottom slip. This is equivalent to us-
suming that the horizontal velocity gradually npproaches
zero near the bottom. However, the horizontal velocity
near the bottom is often qguite large (excepting a thin
boundary layer which is not included in the present
analysis). In order to recognize the existence of this
boundary layer without being concerned with its detailed
structure we bave taken bottom stress (5) as proportional
to a slip velocity assumed to glide over the top of the
bottom boundary layer. Our results with idealized storms
appear to point out that » controls the peak surge on the
coast, wherens s controls the dispersion of the surge es-
pecially to the left of the storm center on the coast.

The difliculty in applying equation (7) lies in represent-
ing the operators G(¢) and H(qs) numerically. The func-
tions M, R, and their first derivatives in time can be
readily approximated directly from available information,
but higher derivatives resulting from a Taylor's expansion
of G(e) nnd H(o) are more difficult to obtain.

Accordingly, Platzman suggests that G and H be ap-
proximated by truncating their Taylor’s expansion about
oi?=1f[7/v to obtain

2 2
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where the subscripts represent the zeroth and first deriv-
atives with respect to ¢*, and the derivatives are evaluated
ut o*= o2 Using the approximation (8), equation (7) takes
on the simpler form

oM : J o
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where é P el
_1+___0§_n) —_]_-—! z]—:'_——o =Un L.
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Numerical tests using (9) gave good results for slow-
moving storms, but spurious waves formed, especially
along the storm’s track, with fast-moving storms. When
the J term was dropped the spurious waves did not occur.
This situation prompted n closer look at the truncated
forms of (8) to see whether they are sufficiently represent-
ative for storm surge computations, and whether the J
term is important or not. (See Appendix 1.)

Equation (9) with the J term omitted has the real and
imaginary parts

0U_ oD [ B b(ha;hu)_ g, Ah—ha)

ot dy
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Fieuvre 1.—Real and imaginary parts of the four coefficients
(A, B, C, J) of cquations (9) and (17) as functions of Ekman
number “¢'’ or depth.

These equations involve only first derivatives with respect
to time. The six subseripted funetions (A, B, C) are
dependent only on depth when eddy viscosity and bottom
slip coefficients are specified; their form is given in figure 1.

The numerieal scheme for (10) used in this study is
given in Appendix I1. An heuristic approach to form
values for the eddy viscosity coeflicient », und slip
coeflicient &, is given in Appendix 111

In this study, the parameters describing the model
storms and basins have a range usually less than an order
of magnitude. Thus, in dealing with the drag coefficient
of the surface wind stress as well us eddy viscosity and
slip coeflicients, we have tacitly assumed constant values
as sufficiently serviceable for the range of parameters in
this report. This means that the results of the computa-
tions are restricted mainly to tropical storms.

3. GEOGRAPHICAL ORIENTATION, STORM
PARAMETERS, DEPTH PROFILES, DEFINITIONS

For purposes of orientation in the following sections,
the observer will ulways be at sea and facing the const.
The coast to his right will be considered relative north,
to his left relative south. Crossing angles of the storm’s
path to this orientated coast will be described in me-
teorological sense; thus a storm on the coast moving from
relative north has a crossing angle of 0%, moving normal
to the coast from sen, n crossing angle of 90°, ete,

There are five simple parameters to describe the
strength, size, and motion of a model storm; these in turn
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Freure 2.—A nomogram relating three model storm parameters,
slationary storm maximum wind, radius of maximum wind in
statute miles, and pressure drop. The inflow angle occurs 100 mi.
from the storm center. The storm center is at latitude 30°.

determine the driving forces of surge generation, the
pressure gradient, and wind stress. The parameters are:

(1) Latitude.—Normally the latitude of the storm’s
landfall; if the storm does not landfall, the latitude of o
point of interest on the coast. The storm surge is only
mildly sensitive to this parameter and varies by less than
10 pereent between latitudes 15° and 45° all other
parameters being the same. For this reason and because
we are interested in transient effects as opposed to generul
cireulation, latitude is not varied in the equations of
motion.

(2) Radius of Mazimum Winds—The distance from
the storm center to the maximum wind of the storm.
This distance is not dependent on storm motion, and for
any given time it is assumed to be the same in all direc-
tions. This parameter controls the horizontal extent of
the surge on the coast. If only the value of the peak surge
on the coast is desired then the accuracy of this parameter
becomes unimportant, and for most purpeses a rough
estimate of this distance is sufficient.

(3) Pressure Drop of the Storm.—The pressure difference
from the center to the periphery of the storm. For an
nctual storm, this could be the mean of several differences
mensured along rays from the storm center to the first
anticyclonically turning isobar. This is the most im-
portant storm paramefer; it controls the peak surge on
the coast. For a fired pressure drop, the peak surge on the
const is only weukly dependent on the radius of maximum
wind. The pressure drop is not used directly in the model
computations, instead it is used ns an argument (fig. 2)
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{o arrive at a more convenient mensure for computations,
the stationary-slorm-mazinuan-wind. In the previous report
a simple Newton-Rapbson integration method was used
to derive the nomogram; in this report the more precise
Runge-Kutta method was used. The differences ave only
minor.

(4) Speed of Storm.—Rate of motion of the storm center.
With all other parameters held fixed, there is a critical
storm speed that gives the highest peak surge on the const.

(5) Direction of Storm.— Direction of motion of the storm
center. With all other parameters held fixed, there is a
critical direction of storm motion which gives the highest
peak surge on the const.

The computed surge depends on the depth contours of
the basin as well as the model storm. The continental
shelf of the oceans vary predominantly in one direction,
therefore a one-dimensional depth prafile is used in the
model. This profile is used solely for convenience in the
present stage of developing the dynamic model. There are
no essential difficulties in the use of two-dimensional
bottom specifications when such detail is desired or when
its effect is believed to be significant relative to other
terms.

Yor further reference it is convenient to make the
following definitions:

Standard Storm.—A model storm having a stationary-
storm-mazrimum-wind of 100 m.p.h. and with storm center
at Intitude 30°.

Standard Basin.—A model basin having a lincar sloping
depth profile consisting of a 3-ft. drop for each mile length
along the continental shelf, u 15-ft. depth at the coastal
boundary, a shelf length of 60 mi., and a deep water open
boundary depth of 195 ft. This basin has a slightly larger
slope near the coast than the standard basin of the previ-
ous report [6); hence computed surges from a standard
storm in this basin are slightly smaller than those in the
previously used basin. In the numerieal model, for a given
depth profile, the storm surge is only weakly dependent
on any alteration of the immediate slope at the coast of
the continental shelf: therefore a vertical wall is substituted
at the const with finite depths at the coastal boundary.

Coastal Surge Profile.—A plot or snapshot picture of the
surge heights along the coastline for a given time.

Directly Generated Surge.—Storms traveling parallel to
the coast can zenerate traveling and/or standing waves
superimposed on the coastal surge profile. The first crest
and trough of the coastal surge profile associated with the
storm’s center, and moving with the storm, is the di-
rectly generated surge. Fizure 3 illustrates the motivation
for this definition; notice that fast moving storms travel-
ing parallel to the coast can generate traveling waves
behind the storm’s track and these traveling waves am-
plify that portion of the direetly zenerated surge behind
the storm’s track, i.c., storms moving to the right amplify
the directly generated trough, storms noving to the left
amplify the directl, generated erest.
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Figure 3.—Plots of computed coastal surge profiles generated by a
storm moving to the right, and moving to the left along the
coast; and then compared to a stationary storm, center of storm
remains on coast.

Resurgences.—At any point on the coast, large ampli-
tude oscillations of the surge can occur with time for
storms moving parallel to the coast. These oscillations,
excluding passage of the directly generated surge, will be
called resurgences. The resurgences can be shell seiches
or edge waves (Munk et al. [8], Reid [17]). Shelf seiches
also oceur for slowly moving storms making landfall;
this is a special type of resurgence, generally with higher
harmonies and usually of small amplitude unless the
storm is moving very slowly.

4. GROWTH TIME OF STORM, INITIALIZATION, AND
SPECIAL WAVE PHENOMENA

The growth time to maturity for fast moving storms
making landfall, and traveling at not too small a crossing
angle to the coast, was found empirically to be of trivial
concern. For storms traveling parallel or nearly parallel
{0 the const at any speed, initialization phenomena de-
pendent on growth time and of significant amplitude are
cenerated or superimposed on the surge profile.

In order that the peak surge have only weak dependence
on initinl storm placement, it was necessary initially to
place landfalling storms at least past the continental
shelf (the deep water open boundary) or to plice storms
traveling from land to sea at the mirror image point;
storms traveling parallel or at a small angle to the coast
required an initial placement based on several eriteria
that will now be discussed.

Ficure 4 shows the directly generated erest plotted against
time in the ease of a stationary, standard storm with center
on the const of a standard basin. This peak surge with time
nets similarly to a damped-forced vscillator. The trunsient
oseillations result from rapid growth to maturity of the
storm; they cannot be completely eliminated for any
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censonable growth time in the eomputations. Over a
wide ranze of zrowth time the phase vavied but the ampli-
tude of the second erest of the transient oscillations was
nearly constant. Henceforth, we shall always use 100 min.
as o growth time solely for convenience. We adopt a
working eriterion that whenever transient oscillations of
this nature occur, the second erest will be chosen as repre-
sentative of the peak surge on the coanst; the same type
of transient oscillations will affect the moving directly
generated surge. Thus for u working criterion, the initial
placement of the storm center in the model basin must
be sufficiently distant from the point of interest so that a
second crest has time to form.

Tigure 4 also shows the surge with time for the point
on the coast having peak surge in the ense of u stationuary
storm placed S0 mi. from the const. Here, there is a
continuous growth of the surge with time, i.e., it takes
time for the surze to build on the coast; notice that higher
harmonic oscillations oceur for this case. Hencelorth, for
o working criterion, we shall adopt the computed peak
surge § hr. after initinlization as a representative value
for those eases where the coastal surge displays many
variations with time.

The damped-transient oseillations, superimposed on the
directly generated surge from initialization processes,
is not the only phenomenon ocewrring with storms travel-
ing parallel to the coast. There are also the phenomena of
standing waves, traveling waves, or a combination of
both superimposed on the surge profile behind the storm’s
track; there are even further complications if the storm
is varying in strength, size, and speed with time.

As an example of these complexities, consider the
September 1944 storm which moved parallel to the Eastern
Seaboard (this storm is discussed in Appendix 111; its
track is given in fizure 20 and the generated surge at
Atlantie City in fizure 21). Figure 5 pictures the entire
computed coastal suree profile against time. Notice that
the traveling directly generated surge associated with the
storm center has initinlly a large transient oscillation
that dies out with time, and the directly generated surge
becomes smaller with time due to decreasing storm
strength with time. In this figure, the oscillations or re-
surgences with time ut Atlantie City, after pussage of the
divectly generated surze, are readily seen to be shell
seiches and not traveling edge waves The computed
resurgences may lave been affected by reflective prop-
erties inherent in the open boundary conditions of the
model; possibly the use of open boundaries with radiative
properties would be more approprinte. The two lateral
(relative worth, south) open boundaries, with normal
transport gradient set to zero, do not strongly affect the
first few resurgences; this was determined by varying the
leneth of the basin and vepositioning the two lateral
boundaries on the natural const. No eguivalent tests
were made for the deep water open boundary,

In the numerieal model, traveling edge waves will pre-
dominate over shelf seiches for storms that are fast moving,
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Ficune 4—The computed height of the peak surge against time
generated by a stationary storm.
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Fievre 5.—The computed coastal surge profile, contoured against
time, for the September 1944 storm modeled in Appendix T1.
The line with arrows represents the position of the storm eenter
normal to the coast (center of storm 40 mi. seaward). This figure
<hows the formation of shelf seiches behind the storm’s center.

of constant strength, size, and speed, and for basins which
have shallower constul depths and wentler slopes. Consider
now the above storm but with constant parametric storm
values equivalent to those observed off Atlantic City;
consider also u standard basin whose profile differs sig-
nificantly from that off Atlantic City (fig. 17). Figure 6
pictures the computed coustal surge profile for this hypo-
thetieal storm and basin. “Jetice that the resurgences
which form with time behind the storm’s track are now
traveling waves in contrast to those in figure 5. The
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Ficrue 6.—Same as fipure 5 for a standard storm, in a standard
basin, and traveling parallel to the coast at 40 m.p.i. with center
of the storm 40 mi. scaward. This figure shows formation of
traveling edge waves on the coast.

directly zenerated crest does not change in value, except
for rapidly decaying initinlization phenomena at the be-
ginning of the computations e divectly generated trough
is amplified by the traveling edgze waves forming beliind
the storm’'s track.
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Ficure 7.—Contours of distance, in statute miles, from landfall
position to point of peak surge on the coast. Radii arc storm
speeds, rays are crossing angles of storm track to the coast
(standard storm in standard basin). (a) Radius of maximum
wind, 15 statute mi. (b) Radius of maximum wind, 30 statute mi.

For a working convenience, we shall henceforth consider
only storms of constant strength and size after reaching
maturity, and traveling with uniform rectilinear velocity.

5. LANDFALLING STORMS

Landfalline storms affect only a segment of the coast
near the point of landfall; consequently, we are interested
not only in the peak surges but also in the horizontal
extent or dispersion of the surge along the coast. The
dispersion is strongly dependent on the radius of maximum
winds. These storms, with speed and crossing angle to the
coast not too small, do not generate initialization phe-
nomena and resurgences on the surge profile; therefore the
generated surge is much less complicated than the exam-
ples of the previous section. The peak surge occurs at only
one point on the coast, it is generally larger with storms
traveling from sea to land.

As g preliminary aid to defermine the surge dispersion
along the const, we construct a pre-computed surge pro-
file generated by n standard storm, with fixed radius of
maximum winds, moving at fixed velocity across a stand-
ard basin. In what follows, we assume that the position
of landfall is known and use it us an origin. To construet
this preliminary profile, we use nomograms (figs. 7-15)
which give contours of pre-computed distances and heights
at selected points along the surge profile. These figures, in
polar coordinates, have rays as crossing angles of the
storm to the coast, and radii ns storm speed. Figures
marked (a) and (b) are for storms having 15- and 30-mi.
radius of marimum winds respectively; presumably one
can interpolate for other values of the radius. These dia-
grams consider variation of threc storm parameters; in a
later scction we shall consider corrections to the pre-
computed profile using parameters for any particular
storm and basin.

In figures 8 and 9, we have outlined a region in broken
lines to eall attention to edge wave phenomena which can
affect the directly generated crest and trough respectively.
An example of this situation is given in figure 3.
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Figure 8.—Contours of peak coastal surge values, in feet. Argu-

ments are identical to figure 7. The upper region bounded by

broken lines point out c¢dge wave phenomena that could be
affecting the directly generated crests in the model computations.

Ficure 9.—8ame as figure 8§ for the minimum surge, portrayed at
time of the peak surge. The absolute minimum surge does not
necessarily oceur at time of peak surge.

Ficure 10.—Contours of distance on coast, in statute miles, from
point of peak surge to point on coast having !4 the peak surge,
to the right of landfall. Arguments same as figure 7.

Very slowly moving and landfalling storms form shelf
seiches with phase angle depending on initinl storm
placement. These seiches are superimposed on the surge;
thus, for different storm speeds, there is no a priori way
to relate phase angle of seiches to penk surge on the coast.
Therefore, it was necessary to force continuity of the
various contours about the origin of the polar graphs,
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Ficure 13.—Distance, in statute miles, from peak surge io zero
surge on the coast. Arguments same as figure 7.

subjectively; the stationary storm at the origin, with
representative value, was used as nn anchor or invariant.
The surges thus derived never differed by more than one-
half foot from actual computations. Similar circumstances
occurred for storms crossing the coast at a small angle
and at any speed.

We emphasize that the constructed profile is only for
the time of penk surge on the coast. The absolute mini-
mum surge does not necessarily occur at time of peak
surge; the negative surges on the profile are only transi-
tory and eventually can turn to respectable positive values



TFicure 14.—Distance, in statute miles, from peak surge to minimum
surge on the coast. Arguments same as figure 7.
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Fiourg 15.—Arrival time, in minutes, of peak surge on the coast
after storm landfall. Arguments same as figure 7.

after passage of the storm. The history of the region of
negative surgzes has not been documented.

The surge profile from a stationary storm can be depicted
by the nomograms of this section only if the center of the
storm rests on the coast. If the storm center is at a dis-
tance from the coast, then the heights of the crest and
trongh can be extracted from figure 16 of the next section
and the surze profile completed with the nomograms of
this section. We are assuming here that the dispersion of
the surze does not depend on distance of the resting
storm center from the coast; separate computations show
this to be a good assumption.

6. STORMS NOT LANDFALLING

For convenience, we treat all storm motions that stag-
nate, loop, recurve, or in any way fail to landfall, as
storms traveling parallel to the coast. For simplicity, we
restrict deseription of the surges from these storms to the
moring, directly generated surge and follow the rules set
forth in past sections to form representative surge values.

We shall not consider here the form* of the coastal
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Fi1cure 16.—Height nomogram of the directly generated crest and
trough, and the resurgence amplitude, for storms (standard storm
and standard basin) moving at diffcrent speeds parallel to the
coast. The abscissa is distance of the storm center from the coast
in statute miles.

surge profile at fixed times, nor time of passage of crests
and troughs on points along the coast.

To construet a nomogram, for purposes of forecasting
the directly generated surge from these storms, we con-
sider a standard storm traveling parallel to the coast of a
standard basin at particular storm speeds. Let the radius
of mazrimum winds be 30 mi.; other values for this storm
parameter need not be considered since we are primarily
interested in peak surge and not seiches and resurgences.
We now focus attention on the directly generated crest
and trough and note that these are traveling with the
storm center along the coast. Figure 16 is a resulting
nomogram from a series of computations which give
representative values of the directly generated crests and
troughs for the storm traveling along the right** side of
the const at various distances from the coast; nbove the
abscissa (miles), positive peak surges are shown, below
negative peaks. At lnrge distances from the coast, slowly
moving storms have higher surges (the criteria of the
previous sections give the surge § hr. after initialization;
hence there is time for the surge to build), but near the
const fast moving storms have higher surges.

The standard basin of this study favors traveling (edge)
waves s opposed to seiches for fast moving storms moving
parallel to the coast. One should therefore be careful in
aceepting these resurgences, and the directly generated
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trough, as fully representative since we have not con-
sidered storms that vary in strength, size, and speed, nor
depths varying in two dimensions, nor enrvilinear cousts,
nor the effeet of various depth profiles on the resurgences.
In the present model these resurgences do not become
important unless the storm is very fast moving with center
slightly seaward of the coast.

Evidence of resurgences (edge waves) does not begin
until the storm travels in excess of 20 m.p.h., and not until
the storm travels about 40 m.p.h. is there significant
amplitude. Figure 16 also shows the amplitude of re-
surgences for storms {raveling at 40 m.p.i. and at time
10 hr. after initialization; notice that the maximum re-
surgence amplitude occurs slightly seaward of the const,
Greenspan [2]. Only the first resurgence behind the
storm’s track is shown, and this only after passage of the
directly generated surge since the following resurgences
are dampened.

"Corrections to the pre-computed surge of figure 16, for
non-standard storms and basins, are given in the next
section.

7. CORRECTING THE PRE-COMPUTED SURGE FOR
IN-SITU STORMS AND BASINS

In the development of a practical forecasting system
for storm surges, it is desirable to modify the preliminary
constructed profiles and surges of the preceding sections
for particular storms and basins that differ from standard.
The corrections would then be for non-standard values of
stationnry-storm-maximum wind, latitude, and basin
depth profile.

Correcting the pre-computed surges for different values
of the parameter, maximum wind, is very easy since the
computed surge is almost proportional to the square of the
maximum wind (as shown in [6]).

For the same pressure drop, the peak surge on the const
is not unduly sensitive to the parameter, radius of maxi-
mum wind. This ean be verified with the nomograms of
fizures 2 and 8 and the above correction for the maximum
wind sinee the fizure is used only to determine peak surges
on the coast.

Variations of the latitude parameter alters the computed
surge in only a minor way (see [6]). 1t was decided as an
added convenience 1o incorporate corrections for latitude
with eorrections for depth profiles.

Figures 17 and 18 give correction fnctors Fp for special
points along the Eastern Seaboard and Gull States of the
United States to carrect the precomputed surge for in-situ
depth profiles; corrections for latitude have been incor-
porated. Presumably interpolation can be used between
the special points. The factors were obtained from com-
putations using the given depth profiles at the special
points and various storm conditions; they are somewhat
subjective since they do chunge with storm conditions,
but in most enses only slightly, The correction factors
are for the peak surge and would differ for other points
on the surge profile, being Jeast relinble for the negative
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portion of the surge. We assume the factor, a function
of the depth profile normal to the coast, can be used for
the pre-computed surge profile providing the storms do
not differ greatly from stundard. The factors are not
invarient when comparing with other varied storm param-
cters, but they change only slightly for the parametric
range of storm values used in this study.

The depth contours of a natural basin vary in two-
dimensions, but the varintion normal lo the coast gen-
erally is much greater than the variation parallel to the
coast. In this study we compute only for varintion of
depths in one-dimension and assume the depth correction
factors, applied selectively at selected points nlong the
surge profile, are good approximations for two-dimen-
sional basins.

The dispersion of the surge on the coast does not change
appreciably when varying the parameters maximum wind
and depth profile, but does change some when varying
the latitude. For convenience it will be assumed here that
the dispersion of the surge remains invariant.

There is a unique region along the Florida coast between
Miami and Palm Beach where the bottom depths descend
from the coast with extreme rapidity. The model discussed
here does not cover this case. South of Miami the depths
descend with equal vigor; however, there is a shallow
shelf along the coast in this region. It was subjectively
decided to give this shell & length of 10 mi. to arrive at
some correction factor for the non-standard depth profile;
the reliability of the factor in this area is questionable.

To correct the pre-computed surge heights of the
previous sections for non-standard storms and basins
along the United States coast, the following could be
used at selected points on the coast:

h;'—'—'h,{Vg.J’IOO)’FD

where k. is the corrected surge height, A, is the standard
pre-computed surge height, Vi is the stationary-storm-
maximum wind parameter, and F}, is the depth profile
correction factor (figs. 17 and 18).

8. SUMMARY AND CONCLUSIONS

It is possible to compute a reasonable storm surge
tide with a numerical model that uses a simple linearized
form of the equations of motion. Bottom stress in these
equations was not found to be significant in surge gener-
ation with fast moving storms making landfall, but a
dissipating mechanism was necessary to control large
amplitude resurgences and/or initialization phenomena
for storms moving parallel to the coast at any speed. as
well as slowly moving storms making landfall.

In this paper, o bottom stress formulation was chosen
with certain desirable properties in the generation of
the coastal surge profile. These properties were most
evident for the range of storm velocity not admissible
in a previous report [6]. Some of the properties were
suppression of large transports at and near the voast,
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Figure 17— Correetion factors at selected points along the Eastern

Seaboard of the United States for depth profiles other than standard;

the factors are used to correct pre-computed surge heights in astandard basin. The inserts are the mean depth profiles of the selected

points.

and damping of special wave phenomena and initialization
effects generated by storms traveling parallel to the coast.
Since non-dimensional analysis shows that the dissipating
term is small compared to the inertial term for rapidly
moving storms traveling across the continental shelf
(Kajiura [7]), values for the friction parameter were
chosen so that the coastal surge profile computed with
or without bottom stress wus nearly identicul for fast
moving storms traveling at or near normal incidence to
the coast. To demonstrate the usefulness of a bottom
stress formulation with the above properties, observed

surges generated by a fast moving storm at a tide station
that was undergoing -specinl wave phenomena and
initialization effects were compared with computed
surges. To better fit the observed and computed values,
the scheme for bottom stress introduced by Platzman
[15] was modified to include a bottom slip current.

In [6] & proto-type prediction scheme for forecasting
storm surges was introduced. This was done with nomo-
grams that were prepared from pre-computed data using
the purameters of a standard storm and a standard basin.
In the prediction scheme, a preliminary surge profile
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Ficure 18.—Same as figure 17 for the Gulf States and Florida.

was first constructed from the nomograms; three simple
correction factors for maximum wind, latitude, and basin
depth profile were then used to correct the preliminary
profile for in-situ storms and basins that differed from
standard. In this report the same scheme is adhered to
except that only two simple correction factors were used;
for simplification, corrections necessary for latitude and
basin depth profile were combined as one, at the expense
of limiting the predicting scheme to the Eastern and Gulf
States of the United States.

Our model does not consider curvilinear boundaries,
bays, inlets, etc.; consequently the method of construeting
surge profiles from pre-computed nomograms in this
study are to be considered only as a preliminary guide
for field forecasting purposes.

The important parameters of the storm model are not
difficult to sascertain or forecast in weather stations
exzcepting 1he point of landfall. For storms crossing the
coast, the distance from landfall to peak surge is roughly
equivalent to the radius of maximum winds, and this
sets the horizontal scale of the entire surge profile; there-
fore a high order of accuracy in landfall prediction is
required.

The methods of this study consider a straight line
coast. Further research is desirable to consider curvilinear
boundaries in the model. With this more natural boundary
condition it should be possible in the future to prepare

in-situ surge forecasts by computer, using forecasted
storm parameters and landfall point. The forecasted land-
fall point would determine the basin to be used as well as
the depth contours of the basin.

APPENDIX |

To test the representativeness of equations (8) and
(9), we use an heuristic approach (suggested by Dr. A. D.
Taylor) that only partially resolves the problem.

Let us consider, for simplicity and illustrative purposes,
the case of no bottom slip, i.e., s= . Then G and H are

tanh o—c sech o

2
Glo)= o’ {anh o Hio) hoo oo

o—tanh o'

(11)

These operators, regarded as analytic functions of @,
have removable singularity at ¢=0, and simple poles
(i.e., zero denominator) on the imaginary axis of ¢ at

approximately o=~+i(2n—1) %. This implies that if (11)

is expanded in power series about a center in the ¢ plane,
not on the imaginary axis, the series will converge in
some region about that center.

Suppose one of the operands was the function Ee'**#
for some complex values E, 8, ¢. Then

_éa_z Eet ljr+¢1=iﬁEelml+dl
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so that the effect of operating with 9/21 is just the effect
of multiplying by i8. An operator formed as a “function”
(/o) has, on the operund Levstte the effect of multi-
plying by f(i8), for the operand Ee“#*¢ the operator
9/0t “takes on the value” ig. '

1n general, the operands will not be of the form Jiett@rte);
however, at any time ¢ for which the operand is not
zero, there is an exponential function which fits most
closely to the operand. If the values of E, 8, ¢ of the
approximating exponentinl do not rapidly change with
time, tl n it is reasonable to approximate 9/t with the
value 8.

The values of E, B, ¢ depend on the operands and the
time ¢ for which the “evalunation of /01" is performed
and are different for the operands M and . If 8 is real,
so that the operand is neither increasing or decreasing in
value, the values of G and I will be finite and bonnded.
Figures 19 a-b give the real and imaginary parts of
G and H against ¢?, with *=iD*(f+ 8)/» (i.e., replacing
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Ficure 10.—(a) Plot of real and imaginary parts of G(e) against
e’ (b} Plot of real and imaginary parts of Hie) against ie®

MONTHLY WEATHER REVIEW

P4

Vol. 95, No. 11
i8

/ot by i8). These ficures indieate that a linear npproxima-
tion to 6 and 7T may be neceptable, providea gis not Inrge.

We first exaumine our experimental computations
to determine for which values of g the actual oper-
ands approximate exponentin's. (If M=F “#%¢ then
dM/ot=1BM, so f=(1/id)d]M[ot where Misicgarded us a
complex valued funetion of time und spuce.) Empirically
it was noticed that the transport field usually consists of
a train of vortices along the storm’s path; in general,
these vortices do not travel or increase in strength with any
great rapidity, suggesting that for the transj ort operand
M, the value of 8 remnins small, and a linear approxima-
tion may be acceptable.

The storm model used in this study is a previonsly
determined analytic function, and moves with n uniform
rectilinear motion. For this ease, the time derivative of
the foreing function can be written in the form

0

az‘—“|'v

(12)
where V, is the storm velocity. The appearance of V,
suggests that the value of g might be too large to admit a
linear approximation for H(s), acting on the storm stress
operand R. This may be why the linear approximation
of H acting on R in (7) gave spurious waves for fast
moving storms.

It appears f:om empirical computations tl at dropping
the J function in (9) [i.e., H(e)=~(o;)] gare results in
our numerical computations that could be acceptable for
the present state of art in storm surge cmhpnmt.inns.
We wish to show that this ho'ds for the fast moving
storms through comparisons of computations using an
exact rather than a linear approximation of H(s). One
can determine an exact H (o) from the storm model itself by
first forming at any local point:

R=Ruel{r-—ln}(u—m)

(13)

then using (12); for uniform rectilinear storm motion,
we have,

0 . 1
ai=etib=—73 (V,-V)R. (14)
Thus we can then form
2
a’=l% [1(f+4-B)+al. (15)

H(o), ns shown in (11), has poles (zero denominator) and
cannot be used directly in (7); there was no problem with
poles when only the linear terms derived from the ex-
pansion of H(s) given by (8) were retained. Instead, we
first reform (9) and approximate the last term as

J 0 1-tH(o)
C+i7 ot Glo— 6w
_ D —ol]

(16)

If 77 and G nre truneated as in (8) we recapture the left
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side. The right side is now free of poles; its value is de-
termined nt each grid point when using (15). Several tests
were made with (9) where in one case the J function was
omitted and in another case the right side of (16) was used;
except in a minor sense, there were no sienificant difler-
ences in the coastnl surge profile with these two cases.

APPENDIX 1l

For numerical computations using finite difference
forms, the following notation (Shuman [19]) will be
employed:

1 21
w1 mi1__prm-1). 770 1 Tm
L'=§1':[ F-UTYLU =2 4 2|UT 4
1 21
(17)
—1 0 1 1. 2 A
—Iy¥ ] i TRE 1 =
U =gz|—2 0 iUy =gl © 0 0UR
=1 0 11 =1 =8 —1\

The following finite difference form was applied to (10):

=IT)

U= (A, Ut — gDyl (B ks —(Byahy ]

= T .. D (p OP_p O B

V' (A) Vi — gD, (Bl + (Bl ) (18)
i P ey Dlw ? e
(AT +[C:~- =2 (B, -8, ]

where p is atmospheric pressure and the surface pressure
gradients are derived from the model storm. There is little
difference in the numerical results whether the A, B, C
functions are placed inside or outside the operators
given in (17); (18) is mixed in this respect.

The closed boundary at the shore was treated by a
numerical scheme given by Harris and Jelesnianski [4]
and Jelesnianski [5], when using (18):

2As

hg = 4D, AT ,_.—Dgllfi;‘fg—ml{_f[/i,)o_ﬂ'at‘” W el

—(@i it (Bloa L () B L (L), (19

+H(Ba)n.tDu.t g_!:) }]}"[‘}Dl_x—“:.r}-
W0, e

The term (dh/dy)%; cannot be directly applied since ™

is not known on the boundary; tests nade <howed no

sienificani differences in the coastal surge if the term was

ignored, computed with time value m—1, or il an iterative

process was used.

27472 D - BT - 4
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These forms are an adaptation of a finite difference
scheme given by Shuman [19]. Note that the time incre-
ment of the dissipating terms were formulated at tine
(m—1) rather than time (m). This procedure was necessary
to prevent instability in the finite difference computa-
tions (Richtmyer [18]). )

The continuity equation (1) becomes

—:= _-ﬂ:vr_v:rv.

APPENDIX 1l

Observed surge data during storm conditions are of
poor quality, awkwardly distributed, and too limited in
quantity to effect a satisfactory comparison between
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Fiaune 20.—Orienting 1 model basin along a portion of the Eastern
Senhoard of the United States: the depths chosen for the one-
dimensional model basin is shown in the insert, and is the mean
depths about Atlantic City. The model track, simulating the
natural storm track, for the September 1944 hurricane, is shown.
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Ficure 21.—Observed and computed surges, against time, at Atlantie City for the September 1944 storm. The basin used in the
computations is given in figure 20. Hours are for model time.

observed and computed coastal surge profiles. This
prevents a direct empirical approach to determine values
for eddy and slip coefficients. However, the special phe-
nomenon of observed resurgences at selected tide gages,
generated by storms traveling parallel to the coast, can
be used to determine plausible values for these coefficients,
at least for fast moving storms.

Since actually observed trains of resurgences are ir-
regular, we cannot readily obtain these coefficients by
comparison of computed and observed amplitudes of
resurgences in sequence. Instead, we shall compare the
directly generated crest and following resurgences ob-
served at Atlantic City against computed values; by
appropriate variations of the slip and eddy coefficients,
the amplitudes can be made to agree. Comparison of the
remainder of the surge, observed and computed, against
time will show whether additional modifications are
necessary.

To demonstrate this method consider the path of a
. hurricane shown in fizure 20. In this figure a rectangular,
one-dimensional depth basin is oriented along the coast;
the depth profile of the basin was derived from a mean
approximation of the seaward depth off Atlantic City.
The observed storm varied in strength, size, and speed
with time (see [1]); it had u pressure drop of about 95
mb. offl Cape Hatteras that decrensed to about 30 mb.
off Rhode Island; its radius of maximum winds decreased
from 50 to 30 mi.; its speed increased from 25 to 35 m.p.h.
These model parameters give a stationary storm maximum

Ficure 22.—Comparison of computed surge profiles, without and
with bottom stress (equation (10)), generated by a fast moving
storm traveling normal to the coast. The eddy viscosity coeffi-
cient » ranges through an order of magnitude; no bottom slip.

wind of about 105 m.p.h. initially and decreasing to
65 m.p.h. off Rhode Island (fig. 2*%). In computations
described below, the model storm parameters, excepting
latitude and storm direction, were changed at each hour
of natural time as the storm moved across the basin; after
passing Rhode Island, the model storm parameters
remained constant.

This model storm and basin gave a computed surge,
with resurgences, at Atlantic City as shown in figure 21
for various bottom stress conditions. The observed di-
rectly generated crest was transluted to the time origin of

“The latitude of Atlantic City is used in the computations, consequently the winds are
stightly different than given in figure 1.
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Fioure 23.—Same as figure 22 with bottom slip s equal to 0.006
ft./=ec.
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Ficure 24 —Same as figure 21, for hurricane Donna. Eddy and
slip cocfficients were used in the computations.

the computed crests, i.e., model time. Notice that the
computed surge without bottom stress has a directly
generated crest that agrees with the observed crest but
the computed resurgences are too large in amplitude;
this suggests the need of a dissipating mechanism. The
computed crests at time 4 hr. are the result of initialization
phenomena due to rapid storm growth to maturity; a
slower growth would suppress this precursor.

We wish to determine a value for an eddy viscosity
coefficient that suppresses the resurgences computed with-
out bottom stress but at the same time does not affect the
directly generated crest. To do this we first digress to
consider the effect of different eddy coefficient values on
the directly generated surge. We consider at this time the
case of a zero slip coefficient (no bottom stress) and plot
the computed surge profile generated by n fast moving
(30 m.p.h.) standard storm traveling normal to the coast
in a standard basin (fig. 22). We consider further the case
of an infinite bottom slip coeflicient (no bottom current)
and bracket the no bottom stress profile in the fizure with
profiles computed with eddy coefficients that range
through an order of magnitude. The peak surge decreases
monotonically with increasing eddy values for the range
shown in the ficure. Notice that small values of the eddy
coefficient mive a directly generated crest larger than com-
putations without bottom stress. We now arbitrarily
choose a middle value for the eddy coefficient of »=0.25
{t.2/sec. and recompute the surge off Atlantic City.
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For »=.25 f1.%/sec., figure 21 shows that the directly
generated crest is not siznificantly affected but the re-
surgences are dampened (oo strongly; there are also some
changes in the period of the resurgences. Since the two
flow conditions, frictionless flow and vanishing bottom
current, did not adequately portray the resurgences, it
was decided to use a bottom slip condition to better fit the
computed and observed resurgences.

To determine the effects of bottom slip, we return to
figure 22 and note that the profiles can be thought of as
extremes; we then have a certain freedom in choosing the
bottom slip coefficient between zero and infinity. Figure
23 jllustrates how the profiles computed with stress in
figure 22 were changed when incorporating & bottom slip
coefficient of §=0.006 ft./sec. The smaller the slip value
the closer the: profiles approach the no-bottom-stress
profile.

Figure 21 shows that when the above values for the
eddy viscosity and slip coefficients are used the directly
generated surge is not significantly affected by the bottom
slip and the agreement between computed and observed
resurgence amplitude is improved.

For an independent check of these coefficients, it was
decided to repeat the computations for another storm,
hurricane Donna, September 1960. Donna passed Atlantic
City with its center about 35 mi. seaward. From data
supplied by the Hydrometeorological Branch of the
Wenther Bureau, ESSA, the storm parameters used in the
computations were: stationary-storm-maximum-wind 75
m.p.h. increasing by 0.5 m.p.h. each hour, radius of
maximum wind constant at 40 mi., speed initially at 30
m.p.h. and accelerating at 0.667 mi./hr?; after passing
Rhode Island, the storm parameters remained constant.
Figure 24 illustrates the computed versus observed surge
with time at Atlantic City. The observed secondary peak
or spike at time 11}% hr. after initialization was not com-
puted by the model. No explanation is given for this
observed spike, whether it be dynamically or locally
generated; it appears to be one of several higher har-
monics, all of small amplitude, excepting the portrayed
spike. It should be mentioned that the observed surges
are best fit-by-eye curves from hourly ‘observations sup-
plied by the Coast and Geodetic Survey, ESSA; the ob-
servutions were corrected for astronomical tide with the
methods given by Harris [3]. The computed resurgences
of both storms in this section are predominantly shelf
seiches, but there were indications of edge or traveling
waves but only of small amplitude.

Although the slip and eddy viscosity coefficient values
were derived on the basis of fast moving storms passing
over a basin equivalent to the seaward depths off Atlantic
City, we use these same values when computing for
slowly moving storms, and for all the basins encountered
on the constal shelf of the United States. We have done
this for two reasons: in the first place, storms traveling at
more than 10 m.p.h. give computed peak surges which
have only minor differences whether bettom stress ’
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used or not, and in the seeond place there are only few
observations of storms traveling less than 10 m.p.l.
(Harris [3]), and such observations as are availuble comn-
pare as well with the computed surges of this study as
those of fast moving storms.

'
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