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I. INTRODUCTION

1.1 Background

In accordance with the objectives and rationale of the Florida Coastal Construction Control
Line, the establishment of the line is based on the damage potential of low frequency (100 year)
hurricanes. This necessitates the determination of combined total tides including storm surges,
astronomical tide and dynamic wave set-up which occurs primarily inside the wave breaking zone.
The objective of the present study, which is carried out for Duval County, Florida, is to develop,
through numerical modeling, valid estimates of the combined total storm tides for return periods
of 5, 10, 50, 100, 200 and 500 years.

1.2 Location and General Description of the Study Area

Figure 1 shows the location of Duval County which is on the northeastern Atlantic coast of
Florida. The study area consists of a 15.5 mile coastal area from the north county line to the
south county line. The locality is shown on NOAA’'s Nautical Charts Nos. 11488, 11489, 11490
and Figure 1 of this report.

The Duval County shore is a barrier beach with a low tidal marsh and lagoon behind it, and
is separated from the mainland by the Intra-Coastal Waterway. The barrier beach ranges in width
from about 3,000 feet to about 13,000 feet.

Dune elevations vary in height from less than 9 feet to over 25 feet, MSL, with gaps in the
dune ridge in several places. The southern half of Duval's beaches are highly developed while
the northerm half is virtually undeveloped except for Mayport Naval Station and a state park.

The shoreline is bounded on the north by Nassau Sound and intersected by Ft. Goorge Inlet
and the mouth of St. Johns River. Duval County beaches have a history of erosion and dune line
recession. Hurricanes and northeast storms have especially caused severe damage.

A more detailed description of the study can be obtained from References (1), (2), (3) and

(4)"

"Numbers in parentheses indicate the references listed at the end of this report.
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Figure 1 General Location of the Study Area

1.3 Scope of the Study

The objective of the study is to develop, verify and apply a procedure which will yield valid
estimates of the combined total storm tides for various return periods in the vicinity of the Duval
County shoreline. Throughout this report, "combined total storm tide" denotes the storm surge due
to astronomical tide, wind stress and barometric pressure effects combined with the dynamic wave
set-up, the latter occurring dominantly within the wave breaking zone. Available historical hurricane
statistics are combined with a set of numerical models to simulate the storm tides at the site of
interest.  Tidal recordings during the hurricanes of September 1964 (Dora) and September 1979
(David) are employed for model calibration. Friction characteristics for various types of vegetation,
buildings and underwater areas are developed to represent the actual variation of friction in the
model. A simple one-dimensional model is calibrated and used to reduce the cost of computations
for a large number of runs simulating a 2,000 year duration of storm tides. The dynamic wave
set-up is based on analytical studies and wave tank tests.



Il. HISTORICAL PROBABILITIES OF HURRICANE
CHARACTERISTICS IN THE AREA OF INTEREST

2.1 |Introduction and Data Source

For purposes of calculating the storm tides that occur during a long period, it is necessary
to use realistic statistical representations of the important hurricane parameters: p, ( = central
pressure), R ( = radius to maximum winds), Vi ( = forward speed), 8 ( = hurricane translation
direction) and landfall or alongshore characteristics. The statistical parameters are based on
historical hurricane data as presented in References (5) and (6). In brief, the empirical cumulative
probability distributions are plotted for each of the parameters of interest and are then approximated
by a series of straight line segments for computer application. All of the parameters are initially
considered to be independent. The following subsections describe the statistical characteristics of
the individual parameters of interest.

2.2 Hurricane Freguency and Direction

The hurricanes causing appreciable storm tides in the vicinity of the Duval County shoreline
are classified as ‘"landfalling", "alongshore" or "exiting" hurricanes. Reasonably good data are
available describing the characteristics of these hurricanes, from 1900 to 1987. For purposes of
this report, the data contained in References (5) and (6) are merged for a 600 n.mi. segment of
the coast comprising the Duval County coastline. The hurricane direction is defined here as the
azimuth from which the hurricane is transiating at the time of landfall, or, if an alongshore
hurricane, when in close proximity to the site.

The designation of a hurricane as "landfalling”, "alongshore" or "exiting" is somewhat arbitrary
as hurricanes travel over a continuous range of directions and there is not a particular direction
relative to the shoreline for which the storm tide generating characteristics change markedly.
Moreover, the one directional distribution (Figure 2) is applied for all three types of hurricanes. It
is important to note that the manner in which the track of a hurricane is characterized for the
purposes of this study is different for landfalling, alongshore and exiting hurricanes. For landfalling
and exiting hurricanes, the track is specified by a location of landfall (or exit) and track direction,
whereas for the alongshore hurricanes, the track is specified by an offshore distance and a track
direction (see Section 2.5). Figure 3 presents a definition sketch of the three types of hurricanes.

For purposes of this study, landfalling and exiting hurricanes are considered to be of possible
significance if they made landfall within a 600 n.mi. segment of the coast comprising the study

area. This segment is extended 300 n.mi. north and south from the midpoint of the Duval County
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shoreline.  Accordingly, there are 16
landfalling, 3 alongshore and 8 exiting
hurricanes. Figure 4 shows the sectors
of propagation paths for the three types
of hurricanes designated for Duval County
and the table in Appendix A lists all the
hurricanes used in this study.
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alongshore and 182 exiting.
For purposes of computer use, the cumulative probability distribution of hurricane track direction
(8,) is developed from Figure 2 and is presented in Figure 5.
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2.3 Radius to Maximum Winds and Central Pressure Deficit
The cumulative probability distribution of radius to maximum winds for landfalling and exiting

hurricanes is presented in Figure 6. Figure 7 presents the same for alongshore hurricanes.
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The cumulative probability distribution of central pressure deficit for landfalling and alongshore
hurricanes is presented in Figure 8. Figure 9 presents the same for exiting hurricanes.
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2.4 Forward Speed

The cumulative probability distribution of the forward speed of translation for landfalling,
alongshore and exiting hurricanes is presented in Figure 10.
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Figure 10 Cumulative Probability Distribution of Hurricane Translation Speed, Vg, for
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2.5 Track Position

For the landfalling and exiting hurricanes, the track position is determined by the y coordinate,
Y., representing the landfalling or exiting point as defined in Figure 3. Figure 11 presents the
cumulative probability distribution for the actual landfalling and exiting position, Y, for landfalling and

exiting hurricanes. Figure 12 presents the cumulative distribution of offshore distance of passage,
L, for alongshore hurricanes.
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. METHODOLOGY

3.1 Introduction

This section describes the overall methodology at a very general level to provide the reader
with an understanding of the general procedures without addressing the details. The objective of
this study is to develop, verify and apply procedures which will yield valid estimates of the
combined total storm tides associated with various return periods at the site of interest.

The approach used here is to combine the available historical statistics of hurricanes with a
set of numerical models to simulate the storm tides at the site of interest. Figure 13 is a flow

. : . . Choose hurricane/storm characteristics

Dggelo:(jZ;D variable - Calxpra:te 2D dva:zzen?:'g model = in accordance with historical date for
grid mode against recorde: m tides the study area

Develop 1-D model and run the same cases Run 11 cases each for landfalling, exiting

for landfalling, exiting and alongshore - and alongshore hurricane/storms with

hurricanes/storms 2-D variable grid modet

_ | Correlate results _ | Simulate storm tides-joint _ | Rankstorm lides and calculate
of2-Dto1-D probability analysis | return periods

Figure 13 Flow Chart of Methodology

chart illustrating the overall procedure. The numerical models include two-dimensional
representations with a variable grid system for the offshore and coastal areas. Prior to its
application, the model is verified using tide gage measurements during the hurricanes of 1964 and
1979. The two-dimensional mode! is significantly more expensive to operate and, because the
simulation phase (which generates the statistics of the combined total storm tides) requires the
computation of a few hundred hurricane events, a simpler, far less expensive one-dimensional
model is developed and calibrated to yield reasonably good agreement with the predictions of the
two-dimensional model. The following sections describe each of the elements in the overall cal-
culation procedure.
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3.2 Model Hurricane

The numerical models require, as input, some representation of the atmospheric pressures
and winds which are responsible for the storm tide generation. For this purpose, a model
hurricane is used that is characterized by the following five parameters:

Ap = Central Pressure Deficit

R = Radius to Maximum Winds

Ve = Speed of Hurricane System Translation

0 = Hurricane Direction

Y, = Landfall location or some other descriptor of hurricane track.

The model hurricane is one proposed by Wilson (7) and is characterized by circular isobars.
The associated wind field is determined from a solution of the governing equations of motion. The
model hurricane is described in Appendix B.

3.3 Features of the Two-Dimensional Numerical Model

As noted previously, there is a variable grid two-dimensional model for the offshore and
coastal areas which is used in the generation of storm tides for Duval County. The grids of the
model are arranged in such a way that

1) The finest grids cover the coastal areas of Duval County to yield detailed information for

the study. Fine grids are also used in locations where calibration of the model results
against measured storm tides is to take place.

2) The coarsest grids cover the areas where detailed information is not needed.

3) A number of grids varying gradually in size are used for the transition from the coarsest

to the finest grids and vice versa.

This arrangement of the varying grid system for the two-dimensional model gives good
efficiency of computer time utilization.

The size of the finest grid is 1,000 ft. x 5,000 ft. and the coarsest 60,000 ft. x 60,000 ft. The
two-dimensional model covers an area of 210.0 n.mi. x 228.3 n.mi. (104 x 52 grids) with the north-
south orientation approximately parallel with the shoreline of Duval County. Figure 14 shows the
grid system layout.

The two-dimensional storm surge model is an implicit finite difference system in which the three
governing differential equations are the two vertically averaged equations of momentum and the
equation of continuity. The solution to the equations is carried out in a fractional time step
procedure. The advantage of this fractional time step procedure is that it is time and space

centered to the first order. The finite difference equations appropriate for implicit solution are
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Figure 14 Grid System Layout for Duval County

solved by the "double sweep" method, which is described in detail in Chapter IV. The surface
(wind) and bottom (friction) shear stresses, the barometric pressure, the Coriolis effect, the
components of slope of the water surface and the boundary conditions are all incorporated into
the solution processes.

Inlets and barrier islands which are too small to be resolved by the normal grid sizes are
represented in the model by a special treatment. The boundary conditions specified on the two-
dimensional model are that the water surface displacement on the boundaries where water is
present are equal to the barometric head, due to atmospheric pressure variations. The normal

discharge at these boundaries is that necessary to satisfy the volume requirement by the rising and
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faling water surface encompassed by the boundaries. Although this is an approximation, if the
boundaries are sufficiently distant from the site of interest, any extraneous effects of this
approximation should be small. The second type of boundary condition is the no-flow requirement
which ensures that the flows are zero normal to grid lines where land elevations exist that are
higher than the adjacent water elevations. At times when the elevation of a rising water surface
exceeds the land elevation of an adjacent grid block, that block is flooded by a simple algorithm
and vice versa for the "deflooding" from grid blocks at times that the falling water surface leaves
a block exposed. The effects of vegetation on bottom and surface friction factors are accounted
for in an approximate manner.

3.4 Features of the One-Dimensional Numerical Model

As noted earlier, a simple one-dimensional numerical model was developed and calibrated to
allow the statistics to be generated based on simulation (calculations) of many hurricanes and
associated storm tides.

The one-dimensional numerical model is described as follows. A transect line is established
which is approximately perpendicular to the bottom contours. The characteristics (Ap, R, 6, V;
and track) of the hurricane are defined and the hurricane is advanced along the track line. The
water surface displacement (boundary condition) at the seaward end of the transect line is taken
as the static response of the water surface to the barometric pressure deviation at that point. The
locations of the three transect lines (profiles) for Duval County are shown in Figure 14. Figures
15a, 15b and 15c present the profiles of the three transect lines and their one-dimensional grid
representations.

13
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3.5 Application of Numerical Models

The numerical models are applied in the following different phases:

1) Verifications of the two-dimensional numerical model against tide gage recordings of the
September 1964 and September 1979 hurricanes.

2) Based on the characteristics of historical hurricanes, the two-dimensional model is run for
11 cases of landfalling, alongshore and exiting hurricanes with characteristics representative
of the more probable and significant hurricanes.

3) The one-dimensional model is run for the same 11 cases for each type of hurricanes
described in 2) above. The storm tides developed in 2) then serve as a basis for

adjusting the output of the one-dimensional model during the simulation phase.

3.6 Simulation of a n-Year Sequence of Hurricane Associated Storm Tides

With the statistical characteristics of historical hurricanes available and the simple one-
dimensional model calibrated as described in the preceding section, the simulation shown in Figure
16 is carried out. The first phase of the simulation comprises the selection of the hurricane
characteristics in accordance with the historical data. In each hurricane, this involves the following:

Landfalling
13° < 8, <153° > Ap. R, Vg, [ 27

Yi - AMP

Random 163° < Bn < 193° Alongshore $i:’n:;;te(‘?snoi\om.ical . [ ] '- ':N +97*
A Y un simple
By (Random Ap.R Vg, > as boundary condition (1)

1 - D Model u
No. Gen) 333°5 6, < 13° Lo AMP 1o simple 1-Dim model odel 75 O

Bt
193° < 6, <333° > Ap.RVE. >
A

YE - AMP

Rank 614 combined total | . . Have simulated @ (1) I
storm tides and calculate * 614 cases < < Ns 0 =AMP"S ©
No

Figure 16 Flow Chart for Storm Tide Simulations Using One-Dimensional Model (after Calibration with Two-Dimensional Model)

1) Quantifying Ap, R, Vg, 8y and hurricane track in accordance with the historical probabilities.
2) For these characteristics, a random astronomical tide from the hurricane season is

generated as a boundary condition to the one-dimensional numerical model and the model

15



is run to determine the storm surge at the site of interest. This storm surge with dynamic
wave set up is then adjusted in accordance with the factors obtained from the two-
dimensional model calibration runs for the landward grid at each time step to yield the
combined total storm tide.
Determining whether enough hurricanes have been simulated for the n-year simulation.
After the required number of hurricanes and associated storm tides have been simulated,
the peak water levels for each hurricane are ranked and the return period, TR, is
calculated, according to

TR = 2000/M

where M is the rank of the combined total storm tide level. (For example, if the simulation
was carried out for a 2,000 year period, the highest combined total tide level would have
a return period of 2,000 years, the fourth highest water level would have a return period
of 500 years, etc.). Finally, by presenting these results on semi-log paper, it is possible
to interpolate the return periods of interest, i.e., TR = 5, 10, 50, 100, 200 and 500 years,
to yield the final results for the present study.
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IV. NUMERICAL MODELS-DESCRIPTION AND CALIBRATION
As noted in the previous chapter the methodology included the development, calibration and
application of a series of numerical models and statistical hurricane characteristics to the simulation
of a long period (2,000 years) to establish storm water levels associated with various return periods
of interest. Figure 13 presents a flow chart of the methodology. This chapter parallels that of
Chapter 11I; however, much greater detail is presented. The following subsections review the various

numerical models and calibration or calculation procedures.

4.1 Two-Dimensional Numerical Model

Variable-Grid Two-Dimensional Numerical Model - The grid associated with this numerical

model relative to the shoreline is presented in Figure 14. The coarsest grid of the model is
9.87 n.mi. x 9.87 n.mi. and the finest is 0.16 n.mi. x 0.82 n.mi. and the purpose of the numerical

model is to calculate the storm tides as the storm translates across the shelf.

Governing Differential Equations - The governing differential equations for the two-dimension-
al model are the two vertically averaged equations of momentum and the equation of continuity,
given by:

Momentum Equations

00 9200 @04 _ 00 DOp  Tws T
o TDoc TDoy - Pa 5T, T, PU )
Oy %00 %0ty __ ,0n_DOp Twy Ty
ot T Do TDay - Py sayt, T, THE @)

Continuity Equation
=0 3)
in which
g= = volumetric transport component per unit width in the = direction
¢y = volumetric transport component per unit width in the y direction
t = time
D = total water depth (h + n) including the still water depth, h and the storm surge, »

7 = storm surge above mean water level

z = horizontal coordinate, directed offshore
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y = horizontal coordinate direction according to the left-hand coordinate system
g = gravitational constant
p = mass density of water
p = barometric pressure
7w, = wind shear stress component in the z direction
7w, = wind shear stress component in the y direction
n, = bottom shear stress component in the & direction
n, = bottom shear stress component in the y direction
f = Darcy-Weisbach friction coefficient
B = Coriolis parameter = 2Qsiny
Q = angular speed of earth rotation = 7.27 x 10~% rad/sec

¥ = latitude of site of interest

The surface and bottom shear stress components are related to the wind speed W and discharge

components by:

Twy = pKWW, and 7, = pKWW, (4)

flalg flalg N
Thp = pS!DIZE s Tby = pSI—Dlzl Where |q| = q.zz + Qyz (5)

in which K is an air-sea friction coefficient developed by Van Dorn (8); and depends on the wind

speed, W, as follows:

1.1x10"¢ for W< W,,
K= (6)

1.1x 10~ 4 2.5 x 10-%(1 = W.,/W)?> for W > W,,

where W,, = 23.6 ft/sec.

The quantity, f, is the Darcy-Weisbach bottom friction coefficient and varies with depth, bottom
roughness and vegetation, if present. For purposes of this study, f was developed by Christensen

and Walton (9) of the University of Florida and is presented in Figure 17.
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Figure 17 Bottom Friction Coefficients for Various Bottom Conditions

Finite Difference Forms of Governing Differential Equations - The finite difference represen-

tations of Equations (1) and (2) are expressed as follows with the convective terms (i.e. 4 2&, etc.)
omitted in preparation for an implicit type of solution. The solution to the equations will be carried
out in a fractional time step procedure. This procedure is schematized in Figure 18. The advantage

of this fractional time step procedure is that it is time and space centered to first order.

nn+‘/z
q
* Eq. (7)
-+ +, +1
9 4
n
Eq. (8) v Eq. (10)
nn+'/z
q
- Eq. (9)
Time level Time level Time Tevel
n n+ 3 n+1

Notes: (1) Vertical links denote equations which are solved simultaneously.
(2) Values adjacent to the horizontal bars indicate the time level of the
different variables entering into the computations.

Figure 18 Schematic of Implicit Method of Solving Momentum and Continuity Equations
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The finite difference equations for the first portion of the fractional time step that are appro-

priate for the implicit method of solution are:

Am?}'llz + Biél'x':jl + Ci’l?_ﬁljz = D (7N
A+ B v ot = Dy ®

where Equation (7) represents the momentum equation in the x-direction and Equation (8) repre-
sents the continuity equation; these two equations are to be solved simultaneously. The second set
of simultaneous equations representing flow in the y - direction which is solved subsequent to the

solution of the first set is:

Apnift + Biggt + Cymi {2y = D; 9)
Ajgtl + Bt + Cagt! = Dj (10)

Implicit Solution of the Finite Difference Equations - The solution for each time step pro-

gresses by first solving Equations (7) and (8) simultaneously for each j grid line sweeping over all
values of i. This establishes the values of 5"+1/2 and ¢2+! for the entire (i, j) field. The procedure
is then repeated for Equations (9) and (10) in which this pair of equations is solved simultaneously
for n*+1 and ¢** for the entire (3, j) field. This latter pair of equations is expressed sequentially for
each value of i, then solved for all values of j, for that particular i grid line. The expressions for

the various coefficients are presented as follows.
— At
i=g(h+n)—
Ai=g(h+1) s

o f|‘1?,j|At
' 8(h +n)?

L g0 _(h+n)dp Twz, ; — \n
D"q”i,j+At[ 5z 5 — By, ;)
At
* 2
4 4Az
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With the coefficients now specified, the method of solving the sets of simultaneous equations will
be described. The method is termed the "doubled sweep" method in which the first sweep involves
"conditioning" two sets of auxiliary coefficients (E;, F;, E¥, F¥). The second sweep determines the
values of 5 and ¢ and, in the process, incorporates the required boundary conditions. The procedure
will be illustrated for Equations (7) and (8) and it is noted that the same procedure is applicable to
solving Equations (9) and (10). The procedure commences by establishing two auxiliary equations

with four variables (E;, F;, Ef, F*) which are initially unknown,

+3 '
gutl = Elnij * + Ff (12)

Equations (11) and (12) are substituted in Equations (7) and (8) and the results simplified to yield

C; 1 Dy - A F;
n4l . _ M ntg ) id's
“ii =T LE + B Y Y A+ B (13)
ntd ___ CF i, Di-ATFY

Comparison of Equations (13) and (14) establishes the values of the unknown coefficients

(E, F, E*, F*) in terms of the known coefficients (4, B, ..., A*, B*, ...). The expressions are

ot Df — AYFYf
B=—wmye 0 T amier (15)
C: D; — A F:
B =i opx o i T A
i-1 A;E; + B; i-1 A;E; + B; (16)

To illustrate the manner in which boundary condition information is incorporated into the
procedure, suppose that the water surface level, 7, is specified at i = IM AX and that ¢, is specified

as zero at i = 28. The first sweep commences by noting (from Equation 11) that

Empax =0.0

(17)

n+ i
Fimax = iarax,;

§ It is noted that other combinations of boundary conditions at the two ends for the grid line
could be accommodated. Also, internal boundary conditions of the type q;‘;"jl = 0 are satisfied by

the choice of coefficients: E* | = F¥, = 0.
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With the values of Erprax and Fraprax now known, Efyax_, and Ffy,,x_, can be calculated from
Equations (16), then values of Erpax-1 and Frayax-; computed from Equations (15) and so on.

Er and Ff are set equal to
Ey=0.0

(18)
Ff=0.0

in accordance with the boundary condition and Equation (12). This completes the first sweep and
establishes all the coefficients over the grid line.

The second sweep simply consists of applying the methodology to the y-direction as described in
detail for the x-direction. In summary, the "double sweep" procedure as presented here progresses
from large i to small i for the first sweep and then progresses back from small i to large i for the
second sweep.

It can be shown that this procedure results in an exact solution of the tridiagonal set of simul-
taneous equations represented by Equations (7) and (8). As noted previously the same procedure
is then applied to solve Equations (9) and (10) which completes establishing 7, ¢ and ¢, at the
(n+ 1)** time step.

4.2 Boundary Conditions

To complete formulation of the problem, boundary conditions must be specified at the bound-
aries of the grid presented in Figure 15. On the "open" (water) boundaries, the water surface, ngp, |,
is specified to be that associated with the barometric pressure, i.e.,

= 1_’°_°_:_1_’_‘i> 19
"B ( Py (19)

in which p,, denotes the far field barometric pressure. In addition, on the open boundary grid cells,
it is specified that only discharge components perpendicular to the boundaries occur and that these
discharges on the exterior boundaries of the grid system are those required to satisfy the continuity
equation (Equation 3). On the "closed" boundaries, i.e., at the shoreline where land elevations are
higher than the adjacent water elevations, a no-flow boundary condition is specified perpendicular
to that boundary. However, "flooding" and "deflooding" of grid blocks adjacent to the boundaries
can occur. Flooding occurs when the water level is greater by a specified small amount than the
ground elevation of an adjacent grid block. When this condition exists, the grid block is activated
by a simple allocation of this excess elevation on the newly activated block and in subsequent time

steps the grid block is incorporated into the normal calculation scheme. Deflooding occurs when
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the water level on a grid block drops below a specified level leaving a very small depth on that
block. The block is "deactivated” and the excess water placed on the adjacent grid.

The solution is started from an initial condition of zero water surface displacement and zero
discharge components. The hurricane system is translated along a specified path at a designated
speed. At each time step, the hurricane effects (represented by the pressure and wind stress com-
ponents) on each cell are calculated and the finite-difference equations (Equations 7, 8, 9, and 10)

employed. The results are updated values of 7, ¢, and ¢, for each cell.

4.3 One-Dimensional Numerical Model

The one-dimensional numerical model is significantly less expensive, faster and simpler to run
and is used in the simulation phase, in order to generate the required data within budgetary con-
straints. The justification for using the one-dimensional model is that it can be adequately calibrated
with the rather complete two-dimensional model. The one-dimensional numerical model is a static
model with the exception of the Coriolis term for which the effects of inertia are included. The

finite difference forms of the governing one-dimensional differential equations are (10):

Az Twg. pptl — pntl
n+l __ _n+l I3 n+1l 1 141
Nyl =7 +——"——[ - By, ]+————— 20
+ glh+n) L »p vi pg (20)
1 At
n4l _ n
T [qy.- + 7%] 1)
where
Atlq™
BB =104 Joltl
8(h +n)?

and the remaining variables are as defined previously for the two-dimensional model.
The one-dimensional model is initiated from a condition of rest (g, = 0) and zero water surface

displacement (n = 0). The only boundary condition required is that at the seaward end (i = 1) of

each transect where the "barometric tide" is imposed as

m = Poop; D (22)

In applying the one-dimensional numerical model, a variable grid size (1,000 ft. to 60,000 ft.) is

used as presented in Figures 15a, 15b and 15c.
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4.4 Simulation

To summarize information presented earlier, this phase includes the simulation of the occurrence
of 2,000 years of hurricanes along a shoreline segment of 600 n.mi. The simulated hurricanes include
landfalling, alongshore and exiting hurricanes with directional distributions according to Figure 5.

In an average 2,000 year period, there would be a total of 614 hurricanes.

Selection of Hurricane Parameters - Each of the five idealized hurricane parameters [Radius

to Maximum Winds, R; Central Pressure, p, (or Central Pressure Deficit, Ap); Track Direction,
fn; System Forward Speed, Vi; and Track Position] is determined randomly in accordance with the
associated cumulative probability distribution functions. The procedure is described below for the

track direction, 0, and is similar for all other variables.

The approximate piece-wise linear cumulative probability distribution function for track direc-
tion, 0y, is shown in Figure 5. The nature of this function is such that the more predominant
directions are those where the function rises steeply. To randomly select a track direction in accor-
dance with the distribution function, the computer first generates a random number between 0 and
1 corresponding to the cumulative probability. Suppose that this number is 0.50. Since this value
corresponds to the linear segment between directions of 137.0° and 153.0°, the computer interpo-
lates to find a track direction, 6y, of 144.53°. We note that this is a landfalling hurricane. The other
four parameters are determined similarly with a separate and independent random number being

generated for each parameter and the appropriate cumulative probability distribution used.

Calculation of Storm Surge with the Effect of Astronomical Tide - A particular hurricane can

be "phased” such that the maximum resulting storm surge is increased or decreased by astronomical
tidal fluctuations. Considering the predicted ocean astronomical tidal fluctuations at Atlantic Beach
from June 1 to November 30, 1984 to be representative of those occurring during the hurricane
season and assuming the phasing of hurricane occurrence and astronomical tides to be independent,

the combination of these tidal components is carried out in the following manner.

With the hurricane parameters established, a starting time for the hurricane is selected randomly
between June 1 and November 30, 1984. The corresponding astronomical tide at the starting time is
generated as the boundary condition in the one-dimensional model and varies with time thereafter
according to the input astronomical tide data. The calculation of the storm surge history by the
calibrated one-dimensional model is thus phased with the astronomical tide to yield the combined

storm surge and astronomical tide water level history at the site of interest.
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Dynamic Wave Set-Up - When waves break, a shoreward directed force in addition to the wind
stress, is exerted on the water in the surf zone. This causes an additional rise in water level termed
"wave set-up”. This effect has been studied extensively in the laboratory [Saville (11), Bowen et al.
(12)] and tide gage measurements during severe storms have confirmed its importance in nature.
Most of the information relative to wave set-up has been developed for "regular” waves, that is for
a wave train in which each wave is the same as the preceding wave. Waves in nature, however, are
not regular and tend to occur in groups. An analytic study by Lo (13) has shown that for natural
wave trains there is a dynamic wave set-up that is approximately 50% larger than would be predicted
by a static treatment. In order to evaluate this result, model studies were conducted in the large
University of Florida wave tank. It was found that the experimental and analytical results by Lo
were in approximate agreement.

The maximum dynamic wave set-up, 7/, .., across the surf zone can be shown to be approximately

1
H 2
e = 0.285 [1 —2.82 (———’") H, (23)

g1

which includes the dynamic factor of 50% and in which 7' is the wave period and H, is the breaking

wave height based on the deep water significant wave height, H,, taken approximately as

Hy = 0.94H, (24)
The maximum deep water significant wave height, (Hy)mas, is determined as recommended for
hurricane generated waves in the Shore Protection Manual (14),

(Ho)ppgp = 16.57(27/100 (1 + 0_20%5) o

where R = radius to maximum winds in nautical miles, Ap = central pressure deficit in inches of
mercury, Vx = translation speed of hurricane in knots, and Wx = maximum sustained wind speed
in knots. For purposes here, the local effective deep water significant wave height is based on the
local winds, W, at the surf zone area of interest and the maximum winds in the hurricane, W,,, .., as

Hy = (ohmas () | S0%0m % <l an <5 (20)

Wiaz 0, otherwise

where «,, is the angular deviation of the wind vector from the shore normal. Equations 23, 24,
25 and 26 provide the basis for determining the maximum dynamic wave set-up within the surf
zone. The computed value of 7/, ,, was added to the nearshore storm surge. It is stressed that

7. ., represents the maximum dynamic wave set-up across the surf zone and that this value varies
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with time (because the wind speed varies with time). The value of 7),,, was computed at each
time step for the shoreward grid, and added to the corresponding surge value resulting from wind
stress, barometric pressure and the effect of astronomical tide to yield the combined total storm tide
history.

With the combined total storm tide history thus determined, it is a simple matter to search in

the computer to obtain the maximum of the combined total storm tide at the site of interest.

4.5 Computation of Return Periods

With a sufficient number (614) of maximum combined total storm tides simulated to represent
a typical 2,000 year time interval, the tides associated with various return periods of interest are
determined. The 614 maximum combined total storm tides are ranked in descending order with the

largest occurring first. The return period, TR, of the ranked tides is then
TR = =— (27)
in which

TR = Return period in years between expected exceedances of the associated
maximum storm tide

M = Rank of maximum storm tide

As an example, for M = 614 (associated with the lowest water level) the return period would be:
TRe14 = 2000/614 = 3.26 years
which indicates that the smallest storm tide could be expected to be exceeded approximately once
every 3.26 years. As a second example, the return period for M = 4 is
TR4 = 2000/4 = 500 years

The ranked maximum combined total storm tides and associated return periods can be plotted
and the combined total storm tide associated with any return period determined. Finally, it is noted
that it is possible to run the simulation procedure any number of times to determine the stability
(constancy) of any combined total storm tide associated with a given return period. It is expected
that for a 2,000 year simulation, the storm tides associated with the longer (> 500 year) return
periods would not be well-defined by one simulation and would exhibit variation from simulation to
simulation. However, the storm tides associated with the lower return periods (TR < 200 years)
should be well-defined by a 2,000 year simulation and hence are not expected to vary significantly

for various simulations.
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V. CALIBRATION RATIONALE AND RESULTS
5.1 Rationale

Ideally there are sufficient storm tide data (from tide gages) at a site of interest to allow
calibration of the numerical model. If this is the case, then it would be possible to calibrate
the one-dimensional numerical model with data from the site and it would not be necessary
to utilize the two-dimensional model described earlier. Unfortunately, there are not sufficient tide
measurements at the site, and it is therefore necessary to utilize the two-dimensional model as
an intermediate representation.

The calibration procedure followed is, first, to validate/calibrate the two-dimensional
numerical model using tide gage data for hurricanes of 1964 (Dora) and 1979 (David). With
this calibration as a basis for the two-dimensional model, it is then run for a series of
hurricanes with parameters encompassing representative ranges. These include 11 cases for
landfalling, alongshore and exiting hurricanes to determine the peak storm tides at the site.
These results are then utilized to calibrate the one-dimensional numerical model which is run

for the same 11 cases for each of the three types of hurricanes.

5.2 Resulis--Calibration of Two-Dimensional Numerical Model

The calibration is conducted by running the two-dimensional model for the hurricane
characteristics presented in Table | and the results are then compared with the measurements.
The data used and the calibration results are as follows:

1. Hurricane Dora of September 1964

There are tide recordings for Hurricane Dora at Fernandina Beach and Mayport, Florida.
Figures 19 and 20 show the measured and computed storm tides at the two locations,
respectively. The computed tide is 0.86 ft. lower than the measured at Fernandina
Beach. The tide gage is located in the inland waterway. Localized conditions during
this hurricane could be responsible for the greater difference between the computed
and the measured. The computed tide is 0.3 ft. higher than measured at Mayport.
Variations of these magnitudes are considered quite reasonable.
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Table |

Input Parameters for Calibration Hurricanes

Hurricane Dora of September 1964

date time Ap Ve R 0y
(EST) (in. Hg) (knots) (n. mi.) (degrees)
9/8 | 1900 -1.35 8.02 34.0 104.44
9/9 1 0100 -1.21 10.30 34.0 112.85
0700 -1.27 5.98 34.0 120.09
1300 -1.51 6.12 20.0 99.40
1900 -1.45 6.12 20.0 99.40
9/10 | 0100 -1.39 8.69 20.0 96.61
0700 -1.30 6.12 20.0 99.40
Starting Coordinates: Landfalling Coordinates:
X, = 196.10 n. mi. Xg = 3.47 n. mi.
Y, = 11899 n. mi. Y = 29.68 n. mi.
Hurricane David of September 1979
date | time Ap Ve R Oy
(EST) (in. Hg) | (knots) | (n. mi.) (degrees)
9/3| 1300 | -1.21 8.41 27.0 162.07
1900 -1.24 11.30 27.0 166.76
9/4 | 0100 -1.27 11.03 20.0 175.52
0700 -1.27 13.26 15.0 168.74
1300 -1.27 10.04 10.0 184.93
1900 -1.21 10.15 10.0 189.79
9/5 | 0100 -1.10 14.24 10.0 190.47

Starting Coordinates: Landfalling Coordinates:

X

S

Y,

S

40.53 n. mi.

196.61 n. mi.
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HURRICANE DORA - Fernandina Beach, Florida
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Figure 19 Comparison between Measured and Computed Storm Tide at Fernandina Beach, Florida for Hurricane Dora of September
1964
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Comparison between Measured and Computed Storm Tide at Mayport, Florida for Hurricane Dora of September 1964
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2. Hurricane David of September 1979

There are tide recordings at Fernandina Beach and Mayport, Florida for Hurricane

David. Figures 21 and 22 shows the measured and computed storm tide at the two

locations, respectively. The computed tide level is about 0.25 ft. lower than the

measured at Fernandina Beach, and 0.39 f{t. higher than measured at Mayport.

HURRICANE DAVID - Fernandina Beach, Florida
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Figure 21 Comparison between Measured and Computed Storm Tide at Fernandina Beach, Florida for
Hurricane David of September 1979
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Figure 22 Comparison between Measured and Computed Storm Tide at Mayport, Florida for Hurricane David of September 1979
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The results of calibration as shown in Figures 19, 20, 21 and 22 give the difference
between computed and measured storm tides as +0.39 to -0.86 ft. Based on the comparisons
above, it appears that the two-dimensional model vyields reasonably good results. The
calibration of the two-dimensional model is thus taken as 1.00, i.e. the computed storm tides
do not have to be adjusted.

5.3 Calibration of One-Dimensional Numerical Model

Eleven cases for each of the three types of hurricanes are run using the two-dimensional
model to establish the peak surge at the site of interest. The characteristics of these
hurricanes and the peak storm surges at the site are presented in Tables lla and b for
landfalling model hurricanes, llla and llib for alongshore hurricanes and IVa and Vb for exiting
hurricanes.
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Parameters Defining 11 Landfallin
One-Dimensional Model with the Two-Dimensional Model

Table lla

Model Hurricanes Used in Calibrating the

MODEL | ap R v | o Soordinates Covrdingles
n. mi.) (n. mi.)
STORM | (in. Hg) (n. mi.) | (knots) | (degrees) X Y, X, Y,
1 -1.5 25 11 110 -20 30 107.41 | 94.92
2 15 38 11 110 -20 30 107.41 | 94.92
3 -15 12 11 110 -20 30 107.41 | 94.92
4 -1.0 25 11 110 -20 30 107.41 | 94.92
5 2.0 25 11 110 -20 30 107.41 | 94.92
6 1.5 25 15 110 -20 30 86.92 | 84.48
7 -15 25 7 110 -20 30 7356 | 77.67
8 15 25 11 140 -20 30 57.88 [149.93
9 -1.5 25 11 80 -20 30 12280 | 2252
10 -15 25 11 110 -20 -10 107.41 | 54.92
11 -1.5 25 11 110 -20 -10 107.41  |134.92
Table Ilb
Calibration of Landfalling Model Hurricanes
N (1. NGVD)

g"t%?r%' North Profile Middle Profile South Profile

1-D 2-D 1-D 2-D 1-D 2-D

1 1114 | 1233 | 1076 | 1183 | 1005 | 11.22

2 1362 | 1494 | 1385 | 15.01 1351 | 14.77

3 6.60 7.48 | 6.01 6.83 5.36 6.22

4 8.77 048 | 8.39 9.04 7.79 8.50

5 1363 | 1524 | 1324 | 1475 | 1242 | 14.00

6 1194 | 1414 | 1155 | 1369 | 10.82 | 13.08

7 10.33 | 1060 | 996 | 10.11 9.29 9.52

8 1021 | 10.13 | 10.03 9.94 9.59 9.64

9 1162 | 1340 | 1161 | 1327 | 1099 | 1278

10 3.39 481 | 5.44 6.22 8.1 9.22

11 6.92 716 | 659 6.77 6.12 6.38
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Parameters Defining 11 Alon
One-Dimensional

Table lila

ch;/‘shore Model Hurricanes Used in Calibrating the
odel with the Two-Dimensional Model

MODEL |  Ap RO Ve | e | Coodmais | cobrdingles
(n. mi.) (n. mi.)
STORM (in. Hg) (n. mi.) | (knots) | (degrees) X, Y, X, Y,
1 -1.5 18 11 175 25 -20 20.01 122.91
2 -1.5 24 11 175 25 -20 20.01 122.91
3 -1.5 12 11 175 25 -20 20.01 122.91
4 -1.0 18 11 175 25 -20 20.01 122.91
5 -2.0 18 11 175 25 -20 20.01 122.91
6 -1.5 18 15 175 25 -20 20.81 99.93
7 -1.5 18 7 175 25 -20 21.34 84.94
8 -1.5 18 11 190 25 -20 -16.81 116.75
9 -1.5 18 11 160 25 -20 5717 119.33
10 -1.5 18 11 175 10 -20 5.01 122.91
11 -1.5 18 11 175 40 -20 35.01 122.9:1
Table b
Calibration of Alongshore Model Hurricanes
Nma (ft. NGVD)
Nodel North Profile | Middle Profle | South Profile
1-D 2-D 1-D 2-D 1-D 2-D

1 6.01 5.00 6.22 4.90 6.23 5.00

2 7.14 6.45 7.38 6.31 7.41 6.36

3 459 3.41 475 3.33 475 3.43

4 419 3.45 4.31 3.37 4.32 3.41

5 7.86 6.67 8.15 6.57 8.17 6.67

6 6.04 6.09 6.25 6.11 6.26 6.23

7 5.98 5.56 6.19 5.39 6.19 5.30

8 7.84 6.90 7.79 6.62 7.55 6.49

9 4.40 4.01 4.82 3.97 5.06 4.03

10 8.41 7.48 8.63 7.50 8.65 7.72

11 4.18 4.09 4.37 4.00 4.40 3.96
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Table Va

Parameters Defining 11 Exiting Model Hurricanes Used in Calibrating the
One-Dimensional Mode! with the Two-Dimensional Model

MODEL |  4p RO Ve | e | Coodnals | Coordines
(n. mi.) (n. mi.)
STORM (in. Ho) (n. mi.) | (knots) | (degrees) Xe Y, X, Y,
1 -1.5 22 12 230 40 20 -90.83 104.96
2 -15 32 12 230 40 20 -90.83 104.96
3 -1.5 12 12 230 40 20 -90.83 104.96
4 -1.0 22 12 230 40 20 -90.83 104.96
5 -2.0 22 12 230 40 20 -90.83 104.96
6 -1.5 22 16 230 40 20 -67.35 89.71
7 -1.5 22 8 230 40 20 -60.64 85.36
8 -1.5 22 12 260 40 20 -1156.79 28.16
9 -1.5 22 12 200 40 20 -30.82 159.00
10 -1.5 22 12 230 40 -20 -90.83 64.96
11 -1.5 22 12 230 40 60 -90.83 | 144.96
Table Vb
Calibration of Exiting Model Hurricanes
Nmax (T NGVD)

Nodel North Profile | Middle Profile | South Profile

1-D 2-D 1-D 2D 1-D 2-D

1 7.42 6.75 6.99 6.29 6.41 5.90

2 9.52 8.90 9.23 8.52 8.69 8.19

3 4.49 3.98 4.06 3.55 3.58 3.23

4 5.34 494 4.94 4.52 4.47 418

5 9.57 8.66 9.1 8.13 8.41 7.71

6 7.25 6.78 6.80 6.29 6.22 5.96

7 7.57 6.90 7.16 6.44 6.58 6.04

8 8.66 7.82 8.93 7.98 8.41 7.77

9 5.64 5.09 5.53 4.88 527 473

10 7.52 6.99 8.90 8.22 9.52 8.87

11 4.09 3.89 3.85 3.64 3.54 3.42
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A calibration relationship between the peak surges computed from the one-dimensional
numerical model and those from the two-dimensional model is determined as follows. The peak
surges computed from these two models are plotted as shown in Figures 23, 24 and 25. The
plots in Figure 23 is for landfalling hurricanes at the north, middle and south profile transect lines,
respectively. Correspondingly, Figure 24 is for alongshore hurricanes and Figure 25 is for exiting
hurricanes. The relationships between the two computed values are represented by the straight
lines in the plots and the associated equations in the insets.

In summary, the overall calibration procedure for the simulation is that presented in Figure 13.
Eleven cases each for the landfalling, alongshore and exiting hurricanes with parameters
encompassing representative ranges of their cumulative probability distributions are chosen. Peak
storm surges corresponding to three locations along the Duval County shoreline (Figure 14) are cal-
culated for the same 33 hurricanes by both one-dimensional and two-dimensional numerical models.
Then, for each of the three transect lines, the calculated peak surges are correlated to establish
the relationship between the one-dimensional and two-dimensional model results. This "calibrated”
storm surge relationship for each of the three transect lines is then utilized in the simulation as
described previously to establish a combined total storm tide. The peak of the combined total
storm tide at the site is later ranked with 613 other similarly-determined peaks to establish the
various return periods of interest.
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Landfalling Hurricanes
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Figure 23 Calibration Relationship between the One-Dimensional and the Two-Dimensional Calculations of Peak Surges at the North,

Middle and South Transect Lines of Duval County for Landfalling Hurricanes
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Exiting Hurricanes
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39



VI. RESULTS OF LONG-TERM SIMULATIONS

Five 2,000-year simulations for each of the three transect lines are carried out employing the
computer methods and hurricane statistics presented in the preceding sections. The combined total
storm tides above NGVD and the associated return periods computed from Equation 27 are plotted
on semi-log paper in Figures 26a, 26b and 26c, respectively for the three transect lines (profiles)
along the Duval County shoreline. Each data point on these three figures represents the average
value of five simulations and a curve drawn through the data points is adopted to represent the
tide-frequency relationship for each of the three transect lines. Figure 27 presents all three
combined total storm tide frequency curves depicted in Figures 26a, 26b and 26c.
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Figure 26a Results of Five 2,000-Year Simulations for the North Transect Line in Duval County
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Table il below gives the combined total storm tide values and corresponding return periods for the

three transect lines.

Table il

Combined Total Storm Tide Values for Various Return Periods

Return Period, Combined Total Storm Tide Level’ above NGVD
TR (years) North Profile Middle Profile South Profile
500 17.8 179 17.8
200 156.1 15.3 16.3
100 13.1 13.2 13.2
50 10.6 10.5 10.5
20 7.1 6.9 6.9
10 53 4.9 50
5 4.2 3.9 3.9

‘Includes contributions of: wind stress, barometric pressure, dynamic wave set-up and astronomical

tide.

42



For the purpose of other applications, the selected 100-year frequency storm hydrographs are
provided in Appendix C. Table CI and Figure Cl is for the north profile transect line, Table CIl and
Figure Cli is for the middle profile transect line and Tabie Clil and Figure CIil for the south profile
transect line in Duval County.
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APPENDIX A

SUMMARY OF HISTORICAL HURRICANES AFFECTING DUVAL COUNTY
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SUMMARY OF HISTORICAL HURRICANES AFFECTING DUVAL COUNTY

# Date Name Oy Ye Ve Ap R Type
(degrees) (n.mi.) (knots) (in.Hg) (n.mi)

1. 09/12/1903 120.0 280.0 8.0 -1.08 43.0 L
2. 06/17/1906 240.0 206.0 12.0 -1.01 26.0 E
3. 09/17/1906 105.0 -228.0 160  -1.08 30.0 L
4. 10/18/1906 220.0 267.0 6.0 -1.08 35.0 E
5. 08/28/1911 ‘ 100.0 -122.0 8.0 -1.00 27.0 L
6. 10/26/1921 260.0 125.0 10.0 -1.01 N/A E
7. 07/28/1926 150.0 36.0 8.0 -1.58 14.0 L
8. 08/08/1928 145.0 248.0 6.0 -1.07 N/A L
9. 09/17/1928 120.0 248.0 13.0 -2.30 28.0 L
10.  09/04/1933 120.0 233.0 11.0 -1.94 13.0 L
11. 11/04/1935 60.0 299.0 12.0 -1.19 10.0 L
12.  08/11/1940 100.0 -112.0 9.0 -1.14 27.0 L
13.  09/17/1947 80.0 273.0 10.0 -1.96 26.0 L
14.  10/15/1947 80.0 -100.0 17.0 -1.33 13.0 L
16, 09/22/1948 230.0 219.0 11.0 -1.47 16.0 E
16.  10/06/1948 230.0 299.0 13.0 -1.07 16.0 E
17.  08/27/1949 130.0 233.0 14.0 -1.76 23.0 L
18.  10/18/1950  King 150.0 283.0 6.0 -1.72 6.0 L
19. 08/30/1952  Able 159.0 (85.0) 10.0 -1.09 N/A A
20. 09/29/1959  Gracie 150.0 145.0 12.0 -1.84 26.0 L
21, 09/11/1960  Donna 2100 68.0 16.0 -1.27 240 E
22.  10/24/1963  Ginny 174.0 (94.0) 6.0 -0.92 N/A A
23. 09/10/1964  Dora 100.0 34.0 7.0 -1.54 34.0 L
24. 10/15/1964  Isbell 2250 233.0 17.0 -1.05 13.0 E
25. 10/19/1968  Gladys 221.0 300 - 17.0 -1.42 17.0 E
26. 09/03/1979  David 169.0 (27.0) 13.0 -1.27 27.0 A
27. 09/11/1984  Diana 100.0 291.0 5.0 -1.22 16.0 L
Landfalling Hurricanes - 16; Alongshore Hurricanes - 3; Exiting Hurricanes - 8

Note: N/JA = Not Available
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HURRICANE MODEL

The idealized hurricane model moving at a constant speed V. at an angle, 8, with respect to the

x-axis of the grid system is shown below. The gradient

Ue = gradient wind velocity

\ Ve = forward velocity

of storm
I

C
'\‘0 isobar for gradient wind

wind speed, U, (wind speed at 30 ft. above water surface), is calculated by

U, =U(fy* +1 -7v) « (0.83)

where
1 vy
Y=< (—+ =)
2 Uc s
and
U = éB_B_e'R/P
c pa r
Ei e—R/r
Py r?

v = -2
g 2w(sin ¢)



2w(sin ¢) = Coriolis effect

o = earth rotation

¢ = latitude

R = radius to maximum winds

V' = V. sin B

B = angle between observer and hurricane direction

Ve = constant translational speed of hurricane

p. = mass density of air

r = distance from hurricane center to observer

U, = geostrophic velocity component

U, = cyclostrophic velocity component.

The factor of 0.83 was applied to the calculation of U; to take into account friction effects at

30 feet above the water surface.
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APPENDIX C

COMPUTED ONE-HUNDRED YEAR HYDROGRAPHS
FOR THE THREE PROFILES IN DUVAL COUNTY

50



TABLE ClI

100 Year Frequency Combined Total Storm Tide Hydrograph
for North Profile (Range 1 - 25)

Time Time Time Time Time Time Time Time
Elevation Elevation Elevation Elevation
(hour) (feet) (hour) (feet) (hour) (feet) (hour) (feet)
0.00 -1.07 9.50 0.04 19.00 12.35 28.50 4.49
0.50 -0.52 10.00 0.02 19.50 11.43 29.00 4.61
1.00 0.12 10.50 0.21 20.00 10.26 29.50 4,57
1.50 0.81 11.00 0.62 20.50 8.91 30.00 4.34
2.00 1.52 11.50 1.23 21.00 7.50 30.50 3.91
2.50 2.19 12.00 2.02 21.50 6.12 31.00 3.31
3.00 2.78 12.50 2.98 22.00 486 31.50 2.56
3.50 3.27 13.00 4.06 22.50 3.79 32.00 1.72
4.00 3.63 13.50 5.23 23.00 2.95 3250 0.84
450 3.83 14.00 6.46 23.50 2.37 33.00 -0.02
5.00 3.86 14,50 7.69 24.00 2.03 33.50 -0.80
5.50 3.70 15.00 8.90 24.50 1.90 34.00 -1.45
6.00 3.38 15.50 10.04 25.00 1.97 34.50 -1.93
6.50 2.91 16.00 11.07 25.50 2.20 35.00 -2.20
7.00 2.35 16.50 11.94 26.00 2.56 35.50 -2.25
7.50 1.75 17.00 12.62 26.50 2.99 36.00 -2.10
8.00 1.17 17.50 13.05 27.00 3.44
8.50 0.66 18.00 13.17 27.50 3.87
9.00 0.26 18.50 12.94 28.00 4.23
Figure Cli
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TABLE ClI

100 Year Frequency Combined Total Storm Tide Hydrograph
for Middle Profile (Range 26 - 55)

Time Time Time Time Time Time Time Time
Elevation Elevation Elevation Elevation

(hour) (feet) (hour) (feet) (hour) (feet) (hour) (feet)
0.00 -0.33 9.50 0.36 19.00 12.47 28.50 2.45
0.50 0.29 10.00 0.56 19.50 11.98 29.00 2.50
1.00 0.96 10.50 0.95 20.00 1117 29.50 2.35
.50 |.63 11.00 1.53 20.50 9.83 30.00 2.01
2.00 2.26 11.50 227 21.00 7.79 30.50 1.49
2.50 2.83 12.00 3.16 21.50 5.33 31.00 0.83
3.00 3.29 12.50 4,16 22.00 3.15 31.50 0.08
3.50 3.62 13.00 5.24 22.50 1.17 32.00 -0.70
4.00 3.80 13.50 6.36 23.00 -0.71 32.50 -1.47
4.50 3.83 14.00 7.48 23.50 -0.97 33.00 -2.15
5.00 3.67 14.50 8.56 24.00 =115 33.50 -2.71
5.50 3.36 15.00 9.58 24.50 -1.07 34.00 -3.09
6.00 293 15.50 10.48 25.00 -0.76 34.50 -3.28
6.50 242 16.00 11.27 25.50 -0.30 35.00 -3.25
7.00 |.87 16.50 I1.91 26.00 0.26 35.50 -3.03
7.50 .34 17.00 12.39 26.50 0.84 36.00 -2.62
8.00 0.88 17.50 12.68 27.00 1.39

8.50 0.54 18.00 1279 27.50 |.87

9.00 0.36 18.50 12.72 28.00 2.24
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100 Year Frequency Combined Total Storm Tide Hydrograph

TABLE Clil

for South Profile (Range 56 - 80)

Time Time Time Time Time Time Time Time
Elevation Elevation Elevation Elevation
(hour) (feet) (hour) (feet) (hour) (feet) (hour) (feet)
0.00 -0.91 9.50 1.41 19.00 12.31 28.50 3.62
0.50 -0.22 10.00 1.17 19.50 11.64 29.00 3.98
1.00 0.60 10.50 1.16 20.00 10.75 29.50 414
1.50 1.50 11.00 1.39 20.50 9.69 30.00 4.08
2.00 2.43 11.50 1.85 21.00 8.48 30.50 3.77
2.50 3.35 12.00 2.51 21.50 7.18 31.00 3.23
3.00 419 12.50 3.36 22.00 5.84 31.50 2.48
3.50 4.91 13.00 437 22.50 4.50 32.00 1.58
4.00 5.48 13.50 5.48 23.00 3.24 32.50 0.58
4.50 5.86 14.00 6.67 23.50 2.12 33.00 -0.44
5.00 6.04 14.50 7.87 24.00 1.18 33.50 -1.43
5.50 5.99 15.00 9.04 24.50 0.46 34.00 -2.30
6.00 5.71 15.50 10.12 25.00 0.00 34.50 -3.00
6.50 5.24 16.00 11.08 25.50 -0.21 35.00 -3.49
7.00 4.62 16.50 11.86 26.00 0.30 35.50 -3.71
7.50 3.91 17.00 12.45 26.50 1.00 36.00 -3.64
8.00 3.16 17.50 12.82 27.00 1.74
8.50 2.46 18.00 12.92 27.50 2.46
9.00 1.85 18.50 12.75 28.00 3.10
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