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ABSTRACT

At present, the reliability of littoral drift magnitude and
direction estimates along the coast of Florida are inadequate for
rational coastal engineering design. The available values of littoral
drift have been estimated from various dredging and sand pumping opera-
tions at inlets, and from relatively short periods of wave observations;
thus, these values may contain significant uncertainties and depart
from long-term average conditions by a considerable amount.

The present study utilizes a liarge data source of ship wave
ovservations for the computation of littoral drift along segments of
Florida's coast. Wave transformation from the observation site to a
section of shore includes effects of shoaling, refraction, friction,
and percolation. Assumptions are made that limit the analysis to an
ideal beach with no anomalies in offshore topography. The resulits of
the study are presented in a series of littoral drift roses which make
it possible to find annual rates of littoral drift for sections of
Florida having sandy shorelines. A comparison of computed values of
drift with existing estimated values is made for specific locations.
Results of the comparison confirm most of the estimated drift direc-

tions, however the drift magnitudes differ significantly.

xiii



CHAPTER I

INTRODUCTION

A. Introductory Note

Florida's shoreline, with its numerous beautiful sandy beaches
has long enjoyed great popularity with both the residents of the state,
and the encrmous influx of tourists seeking out these vacation meccas,
It has long been recognized that these same beaches, an increasing
source of income for Florida's citizens, are in serious trouble due to
erosion. FPreservation of these beaches is not only desirable aestheti-
cally,but is also an economic necessity.

The economic significance of the erosion problem can be seen
from costs shared between the State of Florida and the Federal Government
in order to preserve the State's beaches. As of 1970, estimated first
costs of authorized Federal beach improvement projects in Florida
amounted to over 76 million dollars for 108 miles of beach. Estimated
first costs to correct all the existing erosion problems in Florida
{includes authorized and unauthorized projects) amounted to over 113
million dollars for 209 miles of ocean shoreline {1].

0f approximately 1000 miles of sandy beaches in Florida (see
Figure 1), the annual quantity of erosion in the nearshore area has
been estimated at 15,000,000 cu. yds. per year, with over 20% of the

beach shoreline in a critical state of erosion. Factors that influence
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beach erosion are mean water level, tides, local winds, wave height,
and wave steepness, wave refraction, diffraction, hydrography, land
mass forms, source and characteristics of beach material, ground water
table and others. For a further view of the present situation of
Floerida's shoreline and irts history of erosion, see References [1],

[2], and [3].

B. Statement of Problem

The major causes of erosion are threefold:
(1) Eustatic rise of sea level

(2) 1Intense meteorological disturbances, more commonly
tropical cyclones (hurricanes)

(3) Interference in the littoral regime, natural or
manmade .

The first of these, is well covered in Reference [4] and mean sea level
recordings at various stations are shown in Reference [1]., Tropical
cyclones (or hurricanes), the second listed cause of crosio., have
made tremendous shoreline ¢lauges 1ia a short time. Listings of
tropical cyclones in Florida and some of their effects upon the shore-
line can be found in References [l], and [2]. The third cause of
erosion, interfarence in the littoral regime, is probably the most
significant in regard to the possibility of economically halting
erosion problems. In the past, man has induced considerable erosion
due to his lack of understanding and consideration of the "litroral
regime." Of the previously quoted figure of 15,000,000 cu. yds. per
year of sand ercaed annually f{rom Florida's beaches, it is estimated
that cne-third or 5,000,000 cu. vds, per year of this is due to man-

made erosion. IMuch has been written on this subject and additional



references are available in [5], (6], and [7].

Although the first and second listed causes of erosion are
not yet within total economic feasibility of correction, the third
type of erosion problem is on the verge of solvability, A major
obstacle in the past has been a lack of good quantitative values on
factors of the littoral regime, the main one being "littoral drift,”
the amount of sediment (sand and shell) transported in the longshore
direction due to wave action and wave—induced currents,

This report is an attempt to place some specific values on
lirtoral drift along Florida's coastline, and thus, hopefully, provide
criteria upon which future decisions will be made in regard to erosion

problems of type three.



CHAPTER I1
THEORETICAL BACKGROUND AND APPLICATION OF DATA

A. Sand Transport in the Nearshore Coastal Zone

Sand can be transported in the onshore-offshore direction or
the longshore direction, This report, as stated previously, deals
with the longshore motion, more commonly called littoral drift.

The mechanisms causing transport in any direction are much the same
though. The sediment is moved either in suspension or as bed lcad
{bottom moving or saltation). Bed load is caused by high shear on
the bottom which is in turn caused by high orbital velocities out-
side the zone of breaking and high mass transport velocities inside
the breaker zone. This type of transport usually predominates
outside the surf zone and is responsible for the movement of the
coarser grains inside the surf zone. Suspended load moves as part
of the regular fluid mass transport; a mechanism must first be present
to entrain this sediment into the flow, after which relatively low
velocities can carry the sediment from its place of entrainment.
The entralinment mechanism is provided by high orbital velocities up
to the zone(s) of breaking and turbulent dissipation of wave energy
in the breaking zone(s). Mass transport currents then transport
the sediment.

These two types of transport "drive" the sediment with the

net movement having both an onshore-offshore and a longshore component



(littoral drift). Both components are seasonal in nature with the
offshore direction being the dominant of the offshore-onshore com-
ponent in winter due to higher winter waves, and, along the Florida
East coast, the southward littoral movement being the dominant
direction of the longshore component in winter due to the predomi-
nance of waves propagating from the Northeast. The trends for each

are reversed in the summer months, The actual mechanics of the

surf zone are very complex due to non-uniform topcgraphy, and often-
present rip currents (see Figure 2). Distribution of current and
sediment transport also vary widely across the surf zone (see Figure 3)
with most of the transport taking place over the bars in the surf zone,
The factors mentioned above make a mathematical model of the surf zone
an extremely complex three dimensional problem, one which to date has
not been solved completely. Thus, prediction formulas for drift all
have an empirical basis out of necessity. For a much more complete
discussion of the sand transport in the coastal zone, the reader is

referred to References [6], [8], and [9].

B. Methods of Computing Littoral vrift

Presently, there are a number of methods for the calculation
of littoral drift, two of which are predominant in the literature and
will be discussed. One method is established by computing values of
the longshore current from wave and beach parameters and correlating
them with measured amounts of sand transported, thus arriving at an
empirically derived law of littoral drift. The second method, a more

popular one, is established by computing the so called "longshore
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energy flux, Ea’ a function of wave and beach parameters, and correlating
it with measured amounts of sand transport, thus giving an empirical
formula. These two methods are related {see Reverence [10]) as would be
expected due to the physical nature of the problem. In the literature,
the second type of empirical correlation has been used wuch more exten-
sively (see References [11], [6], and [7]), and it is this correlation

of longshore energy flux with littoral drift that is used in this report.

C. Correlation of Lomgshore Emergy Flux with Littoral Drift

Littoral drift rate, Qﬁ,the longshore volume transport rate
of sand in cubic yards per day, has been correlated with longshore energy
flux to give an empirical curve as shown in Figure 4, The relationship

is linear and is described by the equation (see Reference [lﬂ s pg. 175):
™ 1
Q, = 125 E (1)

with Ql in cubic yards per day
Ea in millions of ft.-lbs. per day per ft. of beach.
Data points for the curve are shown and referenced to the original
reports. In addition, data points from studies of Fairechild [20],
Moore and Cole [21), and Komar [10] have been included on the graph
although they were not included in the original correlation which
established Equation (1). It is noted that Komar's data points were
based on the root mean square wave height rather than on significant
wave heights. This difference will be discussed later. A summary
of the different methods in which QR and E, values were obtained for

the data points is presented in Reference [22].
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Reference [11)] states that the above relationship of littoral

drift to longshore energy flux is an order of magnitude approximation to

the true value., It is believed by the author that in light of wore
recent field measurements by Komar [10], the above relationship is
well within this limit and may be considerably better.

Many different forms for the equation of longshore energy flux
have been presented in the literature. The longshore energy flux

Ea’ due to a wave system, is

_ 2 , , 24(3600)
Ea = (EOCgo cos aO)Kfp sin o __IEEHH_ {(2)

where Ea = longshore energy flux in millions of ft.~lbhs. per
day per foot of beach

Y
E0 =3 - the deep water surface energy density
H = deep water wave height in feet

Y = specific weight of seawater
= o4 lbs./cu. ft.
Cgo = deep water wave group velocity in feet per second
= 1/2 Co where C0 is the deep water wave celerity in feet

per second
a = deep water angle of wave approach to coastline

Oy = angle formed by breaking wave crest with ccastline

Kfp = friction-percolation coefficient; see Ref. [24]

A derivation of this formula along with the more common deriva-
tions of longshore energy found in the literature is given in Appendix I.
The field data used in the Q£ versus Ea correlation is based on signif-

icant wave heights, Hl/3’ rather than root mean square wave heights,
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H ., and, thus, the energy computed is really not '"true" longshore

energy flux, but rather a "significant" longshore energy flux. When
using Equation (1), data used should include signifilcant wave heights

rather than root mean square heights, the ratio of corresponding values

2

H
of E, predicted being Lﬁlié

tTms

= 2,00 , when assuming a narrow energy

spectrum. In particular, in Equation (1), the empirical constant would
be greater by a factor of 2 if root mean square wave heights had been
used in the data correlation rather than significant wave heights, and
if one and only one dominant frequency were present.

Assumptions inherent in the above calculation of longshore energy

flux and consequent littoral drift are as follows:

(1) Linear theory is valid for the wave transformation
process and the wave energy present in the wave
system;

(2) Assumptions in calculation of Kfp are not violated
{see Reference [24];

(3) Bottom topography is composed of straight and parallel
bottom ceontours;

(4) No drastic changes in the bottom profile are encountered
in the shallow areas seaward of the breaker line up to
the beach;

(5) Adequate sources of sand are available.

Item (1) refers to the mathematical formulation of the problem

and its relation to physical reality. This assumption is reasonably

good up to the region of breaking waves where it departs drastically
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from the physical situation. Item (2) assumptions will be discussed
later. Assumption (3) is necessary for the simple application of
Snell's Law of Refraction used in this report and does not require a
monotonic decrease in depth t;ward shore, but only the aforementioned
relationship between bottom contours. Assumption (4) is necessary due
to the use of offshore wave conditions for the computation of longshore
energy rather than nearshore conditions. Thus, rock or coral reef
might cause a large dissipation or reflection of energy before the
wave reaches the computed breaker zone, which would not be apparent
in the equation of Ea formulated above. An additional assumption
inherent in the presented correlation between QE and Ea is Item (5),
the availability o¢f sand to be moved. This is dependent on the
geologic proceéses acting in the area, and the natural or man-made
conditions present. Along much of the Gulf shoreline of Florida
there is a lack of sand, predominantly in areas having extremely
low wave energy, and in areas which are drained by rivers containing
mostly sillt and organics rather than coarse alluvial materials.
Rivers, inlets, jetties, proins, seawalls, prominent headlands, and
submarine ridges and valleys can also cause a lack of sand in an
area downdrift of the obstacle., A lack of sand supply causes erosion
and in turn a depleted sand reservoir, with less sand available for
the transport downdrift of the barrier.

Many of the factors upon which littoral drift depends are
not contained explicitly in the equation presented for longshore
energy. Wind, which has been found as a major drift factor in some

studies due to 1ts effect on the littoral current, 1s not present
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at all. Additionally, grain size, beach slope, bottom friction,
etc., are factors which probably affect the longshore current and
thus the littoral drift. Except for Kfp and sin e s the other
variables in the longshore energy equation presented are totally
dependent on deep water conditions,

The drift can also be expressed in terms of immersed weight

transport rate rather than a volume transport rate as follows:

Wy = (g mpp) g(Im) Q27 (3)
where
oy = sediment density in slugs/ft.3
pp = fluid density (seawater) in slugs/ft.3
g = acceleration of gravity in ft./sec.2
n, = porosity = 0.4 for beach sand
Q2 = volume transport rate inm cubic yards/day
W, = immersed weight transport rate in lbs./day

Due to the present more popular method of expressing the transport rate
as a volume rate, this report will use values of Qz in cubic yards per

day.

D. Data Source
The wave data used in the computation of longshore energy flux and
consequent littoral drift in this report can be found in the U. S. Naval

Weather Service Command--Summary of Synoptic Meteorological Observations,
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Volumes 4 and 5 [23], hereafter referred to as SSMO. These volumes
are a compilation of meteorological and sea state observations taken
from ships travelling through '"Data Squares' defined by their latitude
and longitude boundaries. The percent frequency of wind direction
versus sea heights can be found in Table 18 for different data squares
on a monthly and annual basis. The percent frequency of wave height
versus wave period for both sea and swell observations can be found
in Table 19 for different squares on a monthly and annual tasis. Computations
of drift use the data from both of these tables. Necessary assump-
tions made in the use of SSMO data are presented and discussed below.

In the use of Table 18 the assumptions have been made that
(1) swell waves are in the same direction as the sea waves, which
in turn correspond to the wind directiom; and (2) waves are propagating
in one direction only, the observed direction, in any specific time
interval. In applying Table 19, the assumptions are made that (1) sea
and swell waves of the same period and height can be treated alike,
and will not lose energy to the atmosphere between the point of obgerva-
tion and the portion of coastline considered; (2) no other wave heights
or periods are present during the observation of a recorded wave with
a given height and period; and (3) all observations were made in "deep
water" (h 2 2.56T2 in ft.) for the wave periods recorded,

Correlation between the ranges of wave heights, periods, and
directions given in the SSMO data volumes and the corresponding values
used in the calculations of drift can be found in Appendix II. Due to

the nature of human observation of waves, the heights and periods found
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in the data tables should be considered as significant heights and
periods, and are correct for use in the empirical correlation of

longshore energy flux with littoral drift presented.

E. Analysis of Wave Data to Compute Longshore Energy Flux

Longshore energy, or more properly, longshore energy flux, is
given in Equation (2) for one specific wave train. In foot-pound-second

units this can be expressed as:
E = |[—=-C  cosa K2 sin (4)
g0 o fp %

where Ea is now given in ft,-1lbs. per second per foot of beach. Note
that in this report, the terms "longshore energy” and "longshore energy
flux“_are used interchangeably, although, in reality, significant
physical difference is attached to each. In the literature, both
terminologies are used, longshore energy beilng the more common one,
while longshore energy fiux is the more proper one.

Considering a continuously changing state of offshore wave
conditions, heights, perieds, and directions, the total longshore
energy would consist of a summation of differential amounts of long-
shore energy each having a value Ea(t) for a representative wave
height, period and direction where:

) YHS 2 .
ha(t) = |5 Cgo cos ao] Kfp sin ab (5)

Thus, for continuously changing wave conditions, the total longshore

energy as averaged over a time interval t* would be
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t=t* t=t*
1
t*

- de
( E_(t) dt = f E (8) 1 (6)
t=0

t=0

E =
a

d
The value E%-can be thought of as the fraction of time over which a
specific wave having a certain helght, period, and direction is being

generated during the period t*. Expressing these results in finite

intervals;
f(0 ,T,8) = frequency = ae (7)
Ol 1 t*
=¥
and E, = ¥ E_(£)f(H ,T,0) (8)
t=0
where
H =

o T=wo 8=2T
f(Ho,T,B) = 1.00 (9)
H =0 T=0 8=0
o
with 8 equal to the azimuth of the direction from which the wave is
propagating. It is related to % by the equation: o = Bn - 0 where
Bn is the azimuth of the perpendicular to the shoreline (see Fipure 5).

For waves reaching the coast, the summation would be as follows

with 0 = Bn - o and @ ranging from -90° to +90°;

.

= 2 Ao
H=% 1w 20073
o

f(Ho,T,G) < 1.00 (10)

H =0 T=0 o
n

U
2
Note that in the above summation, when waves are being propagated away

from the coast, that no longshore energy will be available for transport.

Therefore the total longshore energy becomes;
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Q
E o=} L 1 E (t)ef(H,T,0) (11)

The value of f(Ho,T,G) can be computed by means of SS5#0 Tables 18

and 19, From Table 19 a value of le(Ho'T) is obtained such that

H =«
Q =0

I 90, 1) = 1.00 (12)
H =0 T=0 °

From Table 18 a value le(Ho’e) can be gbtained corresponding to a wave

height range in Table 19 such that

AN .
I fig(H ,8) = 1.00 (13)
8=0

where the #* represents the correspondence of Ho in Table 18 to the same

range in Table 19. IHultiplying these two factors together gives the

desired frequency as a function of wave height, period, and direction.
E(H,T,8) = £,5°f9 (14)

By the use of Equationm (11), the longshore energy can be obtained
in millions of ft-lbs per day, as averaged over any given period of wave
observations. As mentioned previously, the representative values of
HO,T,G for the ranges given in SSMO are discussed in Appendix IIL.

The procedure for the calculation of a differential amount of

longshore energy = Ea(t)'f(Ho,T,G) is as follows:
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YHZ

(1) Compute the quantity ﬂgg Cgo cos uo} from deep water

conditions, that 1s, the representative conditions for given wave height,
period, and direction ranges.

(2) Compute the quantity Kép

to a shallow water depth, hs, outside
the zone of breaking waves by numerical integration procedure of Ref. [24]
(along the coast of Florida this depth was normally taken as 10 feet).

{3) Compute the refraction coefficient K_ to this same depth h_.

Hl
(4) Ccalculate the value EE , & function of the deep water wave
o} H!
(- . . -] .
steepness, where H, Ho Kfp Kr‘ Based on T @ judgement is made as

o
to whether the wave breaks by solitary theory or by linear theory (see
¥

Figure 10, page 30, of Reference [26]). If ;2 is » 0.02, linear theory
is used, otherwise solitary theory is used toopredict the breaking wave
height.

(5) Calculate an approximate breaking depth and height based on
approprilate wave theory as mentioned in step (4) (see Appendix III for
calculation of breaking wave conditions). In both wave theories the

relationship between breaking wave height Hb and breaking wave depth

hb is, Hb = (0,78 hb.

(6) Calculate sin o, by Snell's Law (see Appendix III for this
relationship).

(7) Find f18 and f19 values in S5SMO Tables 1B and 19 as mentioned
previocusly, and calculate f = le.fl9'
Calculation of Ea is then a simple summation process in which the

data must be put through a "filter" to eliminate all differential bits

of energy with azimuth directions & that are less than -90° or greater
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than +90° to the coastline azimuth en. When looking offshore a positive
value of Ea = Ea+ is recorded for waves propagating from the left side
and causing longshore energy flux to the righr; and likewise, a negative
value of Ea = Ea- is recorded for waves propagating from the right and
causing longshore energy flux to the left (see Figure 6). By summing
the positive, negative, and total values of longshore energy, positive,
negative, and net values of QQ can be found equal to QR+’ Qi—’ Qﬁnet’
respectively.

Additional assumptions used in the preceding method of calculation
which were not previously discussed are:

(1) There is no loss of energy through friction or percolation

between hs’ the shallow water depth at which K__ is calculated, and the

fp

breaking depth.
(2) HNo refraction occecurs between hs and the breaker line.

Computation of K__ and Kr both involve linear theory. Since

fp

linear theory is violated upon approaching the breaker line, it is felt

that to compute K_  and Kr beyond the limit of its validity would be

fp
unjustified in light of present theory. Refraction beyond this limit
can be shown insignificant for the majority of the waves if calculated
by linear theory.

(3) Kfp is calculated using a botteom profile perpendicular to
the stretch of shoreline considered rather than the actual profile over
which the waves travel. Inherent in this procedure is an additional

assumption that the wave climate used occurs at a point offshore

perpendicular to the portion of coastline considered.
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FIGURE 6. RELATIONSHIP  BETWEEN DIRECTION OF WAVE
PROPAGATION AND DIRECTION OF LONGSHORE

ENERGY FLUX
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{4) The effect of refraction on the value of Kfp is considered

insignificant. (Refraction effect on K__ can be seen in Plate IV, Page 32,

fp
Reference [24].)

(5) Loss of energy due to permeability which is included in factor
Kfp is theoretically based on a depth of sand bed 2 0.3 L where L is the
wave length [24].

Assumptions (3}, (4) and (5) are all pertinent to the computation
of the Kfp value, Assumption (5) is inherent in the theoretical solution

to the problem of K__ while (3) and (4) have been assumed by the author

fp
for shortening computational time,
So far, computation of longshore energy pertains to the wave data

contained in one S5MO square. Application of this data to sections of

shoreline will now be considered.

F. Data Weighting from Adjacent 58O Squares

The 55M0O squares used in this report are shown in Figure 7. For
a section of coast along which a value of drift is to be computed, wave
data from two adjacent squares are linearly proportioned to obtain a
"weighted" value of Ea' This is done in the following manner:

(1) The midpoint of ecach square is determined with respeet to a
North-South or East-West direction depending on the orientation of the
segment considered.

(2) The midpoint of the shore segment considered is found in
the same manner as above.

(3) The representative location of the wave data for a Data

Square is assumed to be the midpoint of that square.
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{(4) At the boundary between two squares, the wave climate is
weighted equally on both Data Squares.

(5) Linear interpolation for the dependence of wave climate on
either square is made between these points.

(6) The longshore energy for a section of coastline is then
calculated for each wave climate and weighted by a factor determined as
described above. The results are added to obtain Ea at the site in
question,

Graphically the procedure is shown in Figure 8, The example
given is for the segment of beach from St. Augustinme Inlet to Ponce de Leon
Inlet and the weight factors are 0.67 and 0.33, for Squares 11 and 12

respectively.
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CHAPTER III

RESULTS

A, Results of Study

Littoral drift "roses" with annually averaged values of littoral
drift in ecubic yards per day have been computed using the SSMO annual
data summary tables along sectlons of Florida's sandy shores. These
are presented in Figures Al through A52. Because of the large number
of these figures they are located with the Appendicies section of this
report. An annually averaged net drift rose is presented for each
section of coast considered, with the frequency of oushore waves super-
imposed on the same diagram. A second littoral drift rose diagram
for each section of coast considered glves the annually averaged total
positive and negative drift. Positive values of littoral drift refer to
drift moving toward the right when looking offshore, and conversely,
negative values of drift are quantities of drift moving to the left
defined similarly to positive and negative longshore energy flux. ©On
the East Coast of Florida a positive value of drift would thus represent
Southward drift, while on the Gulf Coast, the reverse would be true; that
is, a negative value of drift would represent Southward drift on the Gulf
Coast. The net drift values represent the difference between the South-
ward and Northward total values of drift with the direction of the drift

indicated by its sign as described above. Although the littoral drifc
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has been computed for coastline orientations ranging over 360° of the
compass, in actuality, the coastline crientations range at most over 180°
for any given section and have been presented showing the maximum practical
range plus or minus 20° for local anomalies.

As mentioned previously, these values of littoral drift are for
stretches of coast exposed to the ocean wave climate as represented by
S8MO data. They are ﬁgg valid for bays, lagoons, or estuaries, where
the shoreline is not exposed to a wave climate represented by the SSMO
data.

Wave climate is presented in the form of wave height and period
roses for each SSMO data square to show the average offshore conditions
existing annually as recorded by SSMO. Wave height and period roses are
given in Figures Bl through Bl12. These Figures are also located following
the Appendices section of this report.

Using the SSMO data monthly summaries, monthly averaged littoral
drift roses are presented for the section of beach between Fort Pierce
Inlet and St. Lucie Inlet and are given in Figures Cl1 through C24.
Offshore wave climate on a monthly basis is given for SSMO Data Square
Nos. 11 and 12 on which the.drift values were computed. Wave climate
roses are given in Figures D1 through D48. The wave data from Square 11

was "weighted" with a factor of .08 and Square 12 with a factor of .92.

B. Use of a Littoral Drift Rose

Use of a littoral drift rose is as follows:
(1) Determine the orientation of coastline at which a drift is

desired.
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(2) Using the azimuth of the seaward directed normal to the
coastline at the location, find the value of net drift associated with
this azimuth angle on the proper drift rose corresponding to the desired
location.

(3) 1If the net drift value is positive, the net drift will be
to the right when looking offshore: if negative, the net drift will be
to the left.

(4) Find the total positive drift, total negative drift, and
the frequency of onshore waves in the same manner (the use of this
frequency value will be discussed later).

To demonstrate the method, values of net drift at Ponte Vedra
Beach, south of Jacksonville are found from Figures 9 and 10. The azimuth
angle of the perpendicular to the shoreline is 76°-30' as shown in
Figure 9. Thus, the total Southward drift is 1600 cubic vards per day,
and the total Herthward drift is 810 cubic vards per day from Figure 10.
The net littoral drift is 790 cubic yards per day or 288,000 cubic yards
per yvear to the South. The frequency of onshore waves as predicted by
the method of S$SM0 data analysis used is .54.

Limitations in the simple procedure for calculating drift values
in the above manner will be discussed, taking into account some of the

data 1lmitations and data bias.

C. Possible Sources of Error

1., Errors in the Data
In the SSMO data, possible sources of error include:
(1) Human error and bias in the observation and recording of

the wave data.
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(2) Absence of extreme wave conditions due to routing of ships
out of bad weather.

(3) Inaccuracies introduced due to the lack of swell direction
data.

(4) Inadequate resolution of wave data in directions.

(5) Inaccurate wave height recording due to wave observation
in a strong ocean currcnt.

Error sources (1) and (2) are self-explanatory. In regard to
(1), it has been shown that a large bias is introduced In the directional
data due to the observer tendency toward recording of wave directions
along the four cardinal and four intercardinal péints of the compass.
this effect can be seen in the littoral drift and onshore frequency roses.
It is felt that the bias should not significantly affect the results
presented here though, since wave directions used in the computations
were reduced to the eight points of the compass in the 5510 volumes.
If it is assumed that the waves were recorded to the nearest point of
the compass (on an eight point system), the maximum error between a
recorded wave direction and its true direction would be 22-1/2°. 1t
is recommended that values of drift in a range of azimuth angles
+ 11-1/4° to the actual coastline azimuth he considered as the range
of possible drift values, thus covering a 22-1/2° range of possible
directional error.

A general idea of the reliability of the data source is obtained
by viewing the annual offshore wave height and wave period roses in the
different data squares. In many of the data squares, notably Data

Square 11, the wave periods are often larger in the offshore direction,
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contrary to expected larger periods in onshore direction due teo larger
fetch distance. Also, wave heights follow the same pattern contrary
Lo physical reasoning. 1In Data Square 13, the observations show a
majority of waves, along with the highest waves and the largest period
waves, to be propagating out of the East, Northeast, and Southeast.
Thiis is as expected, since the Florida Keys shelter ship channels from
waves approaching from the 5ulf of Mexico. Comparing the annual wave
height roses from Data Squares 1l and 12 shows that the wave climate
in each is not significantly different. This is certainly contrary

to what one would expect considering that most of the wave cbservations
in Data Squarc 12 would be expected to show effects of sheltering from
tixe Bahama DBanks.

The question of reliability of wave climate in these twa blocks
light be resolved by an analysis of offshore wave climate in smaller
Jata squares if the data become available in a convenient form at some
tater time. Wave data in the Gulf of iexico is thought to be less
questionable, since the fetch distance is closer to being equal in the
.ushore and offshore directions with regard to the shipping lanes.

The original method of reducing thc data from 36 points of the
compass to 8 points of the compass given in the SSMO volumes introduced
a skew of the data by an angle of ten (10) deprees clockwise. This has
bren compensated for in the littoral drift roses and offshore wave climate
roses by shifting rose azimuth angles ten (10) degrees counterclockwise.

As menticned earlier, the lack of svell direction data, and

distinction between sea and swell, causc the assumption to be made that
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swell waves are being propagated in the same direction as the local
wind waves (which is the recorded wind direction). It is unlikely
that swell is always in the same direction as the local seas and
this could lead to considerable error in the computation of longshore
energy. In regard to Ttem {4), since longshore energy is dependent
on wave direction due to refraction process, the method of computiong
wave energy by using only eight points of the compass poses a question
as to the magnitude of error pessible in the results. {t can be shown
that the maximum error introduced by this approach as compared to
spreading the energy evenly over all directions within an octant 1is
ten (190) perceut.. Jue to the uncertainty of wave directional data
such a refinement was felt unjustified.

In regard to Item (5), wave heights are affected by strong
currents, and have the tendency to steepen when propagating against
an opposing current and are reduced in height by a following current.
this effect is noted on the Soutlicast ccasL of [lorida where the
Gulf Stream is very close to shore. Due to the fact that shipping
lanes run through and aleong the Suif Stream, it is felt that many of
the observed waves approaching shore have recorded wave heights higher
or lower than would be experienced on the shoreward side of the Gulf
Stream in comparatively still warer. This effect would cause the
computed Southward drift yalues to be higher than the actual drift

values and Horthward drift values to be lower.

2. Drrors in Longshore Energy Flux Analysis
.lethods of computation of longshore energy may lead to inaccuracies

in drift predictions. The author believes the largest source of error comes



35

from the assumption mentioned earlier that waves are considered to be
propagating in one direction at one time, That is, it is assumed that
when waves are moving away from the coast, there are no waves reaching

the coast, and thus there is also no longshore energy at the coast.

This is an unreasonable assumption since waves are known to propagate

in many directions at the same time., From the SSI0 wave data, a frequency
of onshore waves is calculated for each orientation of coastline and thus
can be compared to a wave record at the location in question to determine
a better estimate of the true onshore frequency of waves, and, in turn,
drift. For example, if the frequency of onshore waves is 40% from the

littoral drift rose, and a wave record at the site has recorded waves > 1.0

feet for 80% of the time, a better estimate of the true drift might be

0.80

530 - 2.0 times the value on the given drift rose. It is believed that

this factor of 2.0 is high because the periods of higher littoral drift
undoubtedly coincide with periods of observed onshore-propagating waves.

Other possible sources of error which iInvolve the computation
of longshore energy flux are assumptions in the calculation of the
friction-percolation coefficient and the vieclation of Snell’s law with
regard to the botkhom contours.

The modification of wave height due to friction and percolation
effects as the wave propagates across the continental shelf has five
factors which could contribute to inaccuracies:

(1) Violation of the 0,3 L depth of permeable bed material

(2) Friction coefficient

(3) Permeability coefficient
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(4) ‘ethod of taking profile for a coastline section

(5) WNeglecting frictiom, percelation, and refraction effect
beyond a certain depth, = hs

The first of these assumptions is certainly violated im places
off the East Coast of Florida, especially om the lower East Coast where
much of the bottom is underltaid by hard limestone rock and reefs. at
shallow depths (see Reference [29]).

The friction coefficient used in this study was constant, equal
to 0.01 (see Reference [11]), but is known to be a function of bottom
roughness,which in turn depends on wave height, and vater depth. Thus,
friction is not comstant, but varies with time. A sensitivity test was
done using three friction factors; 0.005, 0.01, and 0.015, for the loca-
tion of coastline which best represents an average profile from Fort
Pierce Inlet to St. Lucie Inlet to compute values of drift. Each drift
rose is plotted on the same diagram and shown in Figure 11. Assuming
that the friction factor 0.01 is correct, a value of f = 0,015 gives
drift values approximately 20%Z lower and a value of f = 0.005 gives
drift values approximately 22% higher. The sensitivity would be much
greater on a broader shelf width as in North Florida on the East Coast,
and much smaller on a narrow shelf{ width as encountered in the southern
limits of Florida on the East Coast. In two sections of Florida the
friction-percolation wave modification was calculated to the 3 foot
contour. These sections are known to be extremely low cnergy sections
of coastline along which little sand is available for transport. Drift
diagrams were not computed in these scctions, only a relative energy

index.
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The intrinsic permeability of the offshore material has been
assumed as 10 Dareys on the East coast of Florida which is consistent
with an offshore sand size of 0.10-0.12 mm. On the Gulf Coast, where
the bottom is composed of find sand, silt, and organic muds, the intrinsic
permeability was assumed equal to 1 Darcy. To see the effect that perme-
ability has on drift values, a sensitivity test was conducted for perme-
ability on the same Fort Pierce-~St. Lucie section with intrinsic
permeability equal to 100 Darcys, 10 Darcys, and 1 Darcy, being plotted
on the same diagram, shown as Figure 12, The difference in values
computed using 1 and 10 Darcys is negligible, while the difference in
computed values using 10 Darcys and 100 Darcys is approximately 20Z.
Thus, for higher permeabilities, the analysis is sensitive to this factor
also, Due to the lack of offshore sand deposits to a thickness equal to
0.3 times the wave length (the assumption used in thecoretical analysis
of permeability modification of waves), this factor is not felt to
influence the values of drift because effective permeability would
probably be on the low side of 10 Darcys.

The method of taking a profile perpendicular to the stretch of
shoreline considered leads to high Kfp values which would tend to over-
estimate the wave height and longshore energy flux since refraction
effectively causes waves to travel over a longer profile than the one
used. In view of the fact that locations of the individual wave data
observations are unknown, the method of using a profile along the
perpendicular to shore seems a reasonable approximation though, except

where waves are likely to be coming from a different direction.
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One such case where a profile along the perpendicular is questionable
is the stretech of shore from Cape St. George to Lighthouse Point.
Figure 13 shows a sketch of this shoreline with three (1) lines along
which profiles have been taken and net drift values computed. The
results of the drift values for the different profiles are summarized
on a net drift rose shown as Figure 1l4.

Assumption (5) which was mentioned earlier is made because the
value of Kfp is based on linear wave theory, and, near breaking conditions
in shallow water, the wave form no longer corresponds to linear theory.
In addition, the beach is in a dynamic state at shallow depths which
would make assumptions regarding slopes in this region invalid during
part of the year. Assumption (5) is adequate provided that the slope
is relatively steep beyond hs. Along most of the coast of Florida,
including the whole East Coast, it seems reasonable to invoke this
assumption at the 10 foot depth contour. Along the Gulf Coast of
Florida, from Cape Sable to Cape Romano and from Anclote Keys to
Lighthouse Point, an extremely mild slope is encountered, and here
the computation of friction-percolation is carried to the 5 foot con-
tour as mentioned previously. Tn these sections though, the waves
have a long distance to travel (5 to 10 nautical miles) before reaching
shore even after propagating to the 5 foot contour. Certainly the
friction effect on the waves between the 5 foot contour and the shore
which is not calculated would be of considerable magnitude, but due to
possible violation of the linear assumption necessary in computation

of K this dissipation of energy was not calculated. Also, since

fp’
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sand is lacking in these areas, the results were used only to calculate
a rclative magnitude of energy and not littoral drift.

In line with Assumption (5), further effects of refraction beyond
hS were not computed either. For the majority of waves ceonsidered, those
with o, £ 67-1/2°, T 2 5.5 seconds, the further effect of refraction is
insignificant. At most, for a very few waves this further effect of
refraction changes the wave height by a maximum of 7% and thus wave
cunergy by a maximum of 14.5%.

In areas of complex topography, the violation of Snell's law
may lead to inaccuracies in computed longshore energy. For the majority
of Florida's coastline though, this errcr is believed negligible when
compared to other sources of error already considered.

To give an idea of the relative wave energy feaching the shore,

a relative energy Index has been calculated along the coast of Flerida
and plotted on Figure 15. This relative energy Index consists of the
mean square breaking wave height divided by the frequency of onshore
waves, thus assuming an onshore wave fregquency of 1.00, Note that
direetion and wave group velocity have not been included in this diagram,

.ind, thus, this is not the available energy flux for longshore transport.

3. lirrors in the Correlation with Littoral Drift

Thus far, sources of error inherent in the method used for com-
putation of longshore enmergy flux (or ]ongshoré energy) and in the data
source have been considered.

Certainly an important question which should be asked is whether

the present linear correlation of QQ with Ea is valid. In view of the
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more recent data [10] the linear relationship seems valid, and the
main question relates to the value of the constant in the equation
QE = C*Ea. The author has mentioned previously that Reference [11]

states the present correlation to be an order of magnitude approximation.

Many of the data points in the original field studies on which
the empirical curve depends were calculated with breaking wave conditioms
as suggested by the equation for computation of Ea' Also, the model
data points contain considerable scatter due to inherent littoral trans-
port modeling problems [17]. 1In addition, there seems to be confusion
due to the different methods of computing energy, one method by the root
mean square wave height and one by significant wave height. In this
study it was assumed that all the original data point computations of
longshore energy were made using significant wave heights rather than
root mean square wave helghts, which to the author's best knowledge is
the situation. Thus, the correlation constant between drift and longshore
energy presented in this report is adequate for the purposes of this

study.

4. Other Errors

Other factors which certainly have a bearing on littoral drift
in an area but which were not accounted for in the present computations
include:

(1) Wind effect on littoral current and corresponding drift.

(2) sSheltering effects of reefs, rock outcroppings, large
submerged sand ridges, etc.

(3) Interference in littoral regime due to jettiles, inlets,

rivers, sand sources, sand sinks, etc.
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Factor (1) has been found to be of major significance in some
studies. The present correlation of longshore energy with littoral
transport contains this factor to some degree, and, thus, the true
effect of wind cannot be separated out.

The sheltering cffect of reefs and rock outcroppings is certainly
a factor affecting littoral drift along the southceast coast of Florida.
Hany rock outcroppings and reefs exist in the litroral regime and
definitely influence drift values. In places such as Cape Kennedy where
a large underwatcr sand ridge exists, the drift pattern is altered by
the sheltering offect of the ridge which prevents some northeasterly
waves [trom réaching the southern shore and some southeasterly waves
from reaching the northern shore: thus, to an extent, the ridee tends
to be a self-perpetuating littoral barrier.

fttios, inlets, rivers, submarine valleyvs, ete. all influence
the pattern of drift to alter it from the idealized model used to compute
values of drift; these influences must he recognized when applying drift

values derived by the approach presented.
Pl I



CHAPTER IV

LITTORAL DRIFT COMPARISONS

A. Comparison of Calculated Littoral Drift Rates with Previously
Estimated Values

Comparisons of the present study results with estimated values of

net drift compiled by the U.S. Army Corps of Engineers are summarized
in Table 1. The Corps of Engineers values were determined by various
methods which include analysis of dredging records, volumetric surveys,
and pumping records at existing by-pass plants. Computed values of
drift by the present method provide both an "expected" value of drift
and, to illustrate the sensitivity of drift to coastline orientation,
a range of drift valﬁes which encompass * 11 1/4° span of azimuths to
the actual coastline azimuth, Gn, at a given location. Total positive
and negative drift rates with the corresponding ranges of values are
summarized in Table 2.

The manner in which these littoral drift rates were computed

from the drift roses is best explained by the following examples.

1, Littoral Drift Computations at Inlets

For an inlet, a material balance was made on a section of beach
containing the inlet and the beach adjacent to the inlet for distances
updrift and downdrift such that all local effects of erosion and

accretion caused by the inlet's presence are contained within the

47
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section. In this manner, the values of drift computed are not related
to the local inlet configuration., Figure 16 provides a pictorial
representation of the method.

Considering only the littoral tramsport through the 'control"
section, a value of (QR net)R associated with (Sn)R will be entering
or leaving the control section on the right side of the inlet in the
positive or negative direction depending on sign, and (QL net)L
associated with (Bn)L will be entering or leaving the control section
on the left side of the inlet in the positive or negative direction
depending on sign. The average of these values should give an estimate
of the net drift in the vicinity of the control section. Note that
this method may not give rates which correspend to the drift rates as
computed by the Corps of Engineers, since the Corps rates were estimated
by volumetric changes of shoreline within the control section and dredging
and pumping records for the inlet. A better representation would be glven
by the net drift value on the side of the inlet in which the volumetric
changes were measured. For example,if the net drift on the left side
(when looking offshore) of the inlet is positive, an accumulation of
drift would be experienced at a jetty, and possibly a small amount of
erosion would occur up drift from the accretion as shown in Figure 16.
A net gain in sand would be measured if volumetric surveys on this side
of the inlet were taken. It is this net gain that should be computed
for a better comparison with Corps estimated values, but, due to a lack
of data on the method by which the Corps values were obtalned, the net

drift comparisons could not be made in this manner.
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Total positive and negative drift rates were alsoc computed
by averaging the respective positive and negative drift rates on
each side of the inlet.

The difference between the net drift on the updrift side of
an inlet and the net drift on the downdrift side would be the amount
of sand lost to the inlet system control volume. This rate of sand
gain or loss by the inlet system is the overall effect of accumulations
at the jetties and in the bay and ocean shoals, and of erosion normally
encountered downdrift of the inlet. Values of sand losses or gains
calculated in this manner are given in Table 3.

Application of these methods to inlets within segments of the
coast for which a drift rose was calculated are based on the one
corresponding drift rose for that section. Where inlets are at the
boundary of shoreline segments, the drift data obtained from the drift
roses corresponding to each side of the inlet are weighted equally,
with average values being computed for each drift direction and azimuth
angle considered. Rational judgement should dictate whether or not
it is necessary to use one or more drift roses for calculation of the
drift values. In most cases the drift roses do not make such "drastic"
changes that a refinement becomes necessary.

To further clarify the method, drift rates are calculated for
Ponce de Leon Inlet on the East Coast of Florida (see Figures 17, 18
and Table 4) as based on the shoreline segments of St. Augustine Inlet
to Ponce de Leon Inlet, and Ponce de Leon Inlet to Cape Kennedy. Here

the South side of the.inlet has an azimuth of 59° and the MNorth side
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TABLE 3

AVERAGE ANKUAL LITTORAL DRIFT RATE GAILN OR LOSS IN

Location

INLET CONTROL SLCTION

Net Littoral Drift on Updrift Side of Inlet Minus
Bet Littoral Drift on Downdrift Side of Inlet
in Cubic Yards Per Year

Atlantic Coast

St. John's River
St. Augustine Inlet
Ponece de Leon Inlet
Canaveral Harbor
Sebastian Inlet
Fort Plerce Inlet
St. Lucie Inlet
Lake Worth Inlet
Hillsboro Inlet
Port Fvargladues
Miaml Harbor Entrance

Gordon Pass
Venice Inlict
New Pass
Clearwater Pass

Upper Gulf Coast

Perdido Pass (Ala.)
Pensacola Pass
East Pass

o
-46,000
47,000
0

0
0

12,400
0

-20,000
0
-55,000

11,000
- 5,400
~35,600
- 3,500

-40,600
33,000

Negative signs infer a net erosion from the control section,
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TABLE 4
DRIFT COMPUTATIONS AT PONCE DE LLON TNLET, FLORTDA

Net Drift Computations (in_cuble_yards per day)

Drift on Left Side of Inlet

4+ 11-1/4° Range

(QR+)L = 1150 L040 to 1520  St. Augustine Inlet to Pence de Leon Inlet Rose
1080 950 to L430 Ponce de Leon Tulet to Cape Kennedy Rose

Average 1115 995 to L475

Q) = 840 840 to 920 5t. Augustine Inlet to Ponce de Leon Inlet Rose
840 _8A0 to 860 Ponee de leon Inlet to Capc Kennedy Rose

Average 840 BAG to 890

Q«Q ), = 1115

L net’'L -840

275 South

Drift on Right Slde of TInlet

(QE+)R = 1040 1040 to 1240  St. Augustine Inlet to Pance de Laon Inlet Rose
_960 _560 to 1160  Pouce de Leon Tnlet to Cape Kennedy Rose
Avérage 1600 L000 £o 1200
Qg g = 870 840 to 1080 5t, Augustine Inlct to Ponce de Leon Inlet Rose
840 840_to 1080  Ponce de Leon Inlet to Cape Rennedy Rose
Average 8535 840 to 1080
{Q ), = 1000
% net’R 855,
145 Scuth
Nee Drift

0 9 nedm @ nedds 275 + 145
L net 2 2
= 210 Svuth {= 76.7 x 103 cubic yards per year}

fgsul Drift Computations (in cubic yavds per duy)

Total Drift in Southerly Birection

@ dg * Quidy 1000 + 1115
U 7 z

3

1058 South (= 386 x 10° cubic yards per year)

Total Drift in Northerly Dircction

C (9 0p * @)y 855 + gao
%- 3 z

= 848 North (= 309 x 103 cubic yards per year)

Gain (or Loss) to Tnlet Control Section (in cubiec yards per day)

8y o = Qg o)y T Q@ eydp = 275 - 183

= 130 (= 47 x 103 cubic yards per year)
& gain to the inlet control section and thus a correspending

loss to the entire litteoral system
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an azimuth of 66°, Rates of (QR ). and (Q2 e ), corresponding to

net’R t’L
the above azimuths are 53,000 cubic yards per year (South) and 100,000
cubic yards per year (South) respectively as averaged from the drift
Toses corresponding to the shore segments on each side of the inlet and
shown in Figure 18, The net drift is thus the average of these two
rates and is 76,700 cubic yards per year to the South. Considering
a * 11 1/4° range of azimuth angles to account for directional bias
of wave data, the net drift would be in a range of rates from 4,000
cubic yards per year (South) to 181,000 cubic yards per year (South).
The total positive drift would thus be 386,000 cubic yards per year
as averaged from Q£+ on cach side ot the inlet from each diagram.
The total negative drift would thus be 309,000 cubic yards per year
as averaged from QR—’ the negative drift, in the same manner as above.
Ranges of QR+ and QQ_ are given in Table 2. These values are all
calculated from the positive and negative drift roses for better
interpolation accuracy. The amount of drift gained by the inlet
control section and thus lost to the overall littoral system is
(Qi net)L - (Qi net)R which equals 100,000 - 53,000 = 47,000 cubic
vards per year. The major reason for the large difference In the net
drift at Ponce de Leon Inlet as compared to the inlets North of Ponce
de Leon Inlet is in the orientation of the coastline, not the drift
rose magnitudes, as can be seen by comparing net drift or positive-
negative drift diagrams for the North Florida area (Atlantic side).
The orientation of the ceoastline at Ponce de Leon Inlet as described
by Gn’ the azimuth normal to shore, approaches a null point, that is,

a point where the total Northerly drift is equal to the total Southerly

drift.
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The Corps of Engineers estimated value of net drift is 500,000
cubic yards per year (South), with total Southerly drift equal to
600,000 cubic yards per year and total Northerly drift equal to 100,000
cubic yards per year for a "gross" drift value of 700,000 cubic yards

per year.

2. Littoral Drift Computations for Barrier Islands

For a barrier island, computation of littoral drift was based
on the range of azimuth angles of the coastline perpendicular to the
island. Values of drift were based on the particular drift rose
corresponding to the section of coast containing the island. Gften
inlets or passes at the ends of an island act as littoral barriers and
cause an accretion of sand at both ends of an islaid and erosion in
the middle. This is typical of barrier islands and results in the
island developing a concave shape on its seaward side. Thus, there
will be a range of azimuth angles through which the island is exposed
to offshore wave climate and there will be a corresponding range of
possible drift values that would occur. As an example of the computa-—
tional procedure, Treasure Island on the Gulf Crast is considered {see
Figure 19). Azimuth angles, On’ range from 214° at the northern end
of the island to 247° at the scuthern end of the island. For this
range of angles, the values of (QQ+) - (QR_) range from +40,200 cubic
yvards per year (Northerly) to -58,400 cubiec vards per year (Southerly).
If an additional range of * 11 1/4° is considered to account for
directional bias in wave data, the values of drift become +58,400 cubic

yards per year (Northerly) to -73,000 cubic yvards per vear (Scutherly).
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The estimated value of net drift by the Corps of Engineers is given
as 50,000 cubic yards per year in a Southerly direction which lies
within the computed range. The computed total Northerly drift is
73,000 to 124,000 cubic vards per vear, and the total Southerly
drift per year is -84,000 to -131,000 cubic yards per vear.

Note that some of the comparisons presented in Table 1 and
Table 2 may be misleading in that they are extremely close to Corps
estimated values when the assumptions invelved in the program to
compute drift are possibly violated. A place in question is Fort
Myers Beach on the Gulf Coast. The computed value of net drift is
21,900 cubic yards per year in a Northerly direction which is extremely
close to the Corps estimated value of 22,000 cubic yards per year. The
assumption of parallel offshore contours is viclated here though, and,
refraction of waves from a Northeasterly direction is undoubtedly much
different from what the simplified analvsis based on Snell's Law would
compute it to be. Refraction of N W waves off Sanibel Island would
tend to create a complex nearshore current situation with the probable
direction of drift being North even if the wave climate and ideal
bottom topography would normally tend to create a Southerly drift.

It is suggested that use of the results presented in the littoral
drift roses be carried out with a knowledge of the assumptions present
in the study such that one is not misled by the seemingly good com-

parisons as given above which may be fortuitous,.

B. General Trends and Specific Cases of Littoral Drift

Along the Atlantic Coast, the S51I0 data confirm the Corps

estimates of net Southerly movement of sand, and on most of the lower
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Gulf Coast the data confirm net sand movement in a Southerly direction,
Along the Panhandle the net movement is in a Westerly direction which
also agrees with other studies. Except for certain anomalies in drift
directions due to coastline orientation, the overall trends confirm
past observations with regard to direction, although magnitudes are
different. Reason for the extremely high values of drift computed

in Southeast Florida are not known at this time although the author
speculates three possibilities.

(1) The effect of the Gulf Stream current on wave height

observations as mentioned earlier.

(2) Effects of the Bghama Banks.

(3) Resolution of wave data into large data squares rather

than smaller squares where overall offshore conditions
are the same.

Specific cases of accretion or erosion patterns can be confirmed
when viewed from the "closed system" type of approach as used in the
inlet drift predictions. One such case is an accretion of sand at
Cape San Blas on the Gulf Coast. From computing the net drift on the
section of coast containing St. Joseph Spit, a small net Southward
drift vaiue is noted. East of Cape San Blas, a large net Westward
drift value can be found from the corresponding drift diagram. Accretion
is thus building Cape San Blas toward the Gulf from both directions which
is confirmed by Corps studies. The Corps of Engineers states the net
drift on St. Joseph Spit to be moving in a Northward direction from
spit growth rates, but this is probably due to local refraction effects

at the spit terminus rather than the overall ideal beach drift pattern.
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In the same manner, Cape S$t. George can also be found accreting.
Accretion of these two capes is linked to the overall erosion patterns
experienced on the comnecting barrier islands. Other isolated examples
such as these will be investigated further in the future to confirm
drift patterns,

An interesting observation was made in this study with regard
to null points in net drift. By viewing either the net drift diagrams
or the total positive and total negative drift diagrams, it can be
geen that two types of null peoints exist in the drift regime. In
Figure 20(a) a "Type 1" null point is shown for a portion of a typical
total drift diagram. Assume first that an island exists such that its
original orientation conforms to the null drift point (total positive
drift = total negative drift), Figure 20(b), A perturbation in the
system such as a storm, or the building of jetties at ends of the
island could cause the sand to be shifted to a position shown in
Figure 20(c). In this case the net drift on the right side of the
island would now be to the right while the net drift on the left side
of the island would be to the left. Thus the overall effect of the
perturbation would produce instability in the island, with the net
result tﬁat the perturbation would increase and eventually the island
woﬁld experience a breakthrough as shown in Figure 20(d).

The orientation of the Gulf Coast shoreline in Lee County,
Florida, is found to be approximately characterized by a Type 1 null
point. It is noted that this section of coastline contains numerous

inlets and has a history of inlet breakthroughs. Another area where
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this type of null point is experienced is the Gulf Coast near
St. Petersburg, Islands in this region tend to be extremely concave
and would have probably broken through by now if not for the extensive
groin fields hindering the transport of drift in the region. It should
be noted that a perturbation in the convex sense would also be unstable
and lead to an increasing convexity. HNo cases of this type system were
noted, except as small scale features on offshore islands.

The second type of null point is shown in Figure 21(a}. An
ideal island when oriented to this type of null point has a tendency
to stabilize itself once a perturbation in the system drives it from
the ideal state, Figures 21(b), 21{(c)}, and 21(d) show the series of
events leading to stability. Part of the East Coast of Florida is
near this type of null point where a predominant tendency for few
inlets exists. Many of the inlets (such as Sebastian Inlet which
occurs very near a ''Type 2" null point) have had a record of numerous
closures after being cut. Of course, many additional factors influence
stability and instability in true physical systems such as the amount
of drift supplied to an area, and the ocean tidal ranges. These
additional effects may overshadow those discussed here. It is hoped

that in the future this theory can be explored further.

C. Comparison of Estimated and Observed Wave Climates

To determine the rellability of the SSMO data and computed
shoaling, refraction, etc. effects in the present study, a comparison
was made using wave records obtained from shore-based gages. Data

from step resistance wave gages operated by the Coastal Engineering
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Research Center were made available for three wave gage stations:
Daytona Beach (East Coast), Lake Worth-Palm Beach (East Coast), and
Naples (Gulf Coast). Wave data were obtained intermittently during

the years of operation of these stations due to various storms damaging
equipment or structures on which the gages were mounted. To avoid a
seasonal bias in the shore-based recordings, a sample of data best
representing the average annual conditions was used in each comparison.
Table 5 shows the observation periods used, the total number of observa-
tions, and the depths at these stations.

In regard to the SSMO data, certain assumptions had to be made
with respect to the frequency of occurrence for wave heights and periods.
Only the onshore directed waves were used for obvious reasons, which gave
an extremely high frequency of "calm" conditions (H = 0) at shore. Tt
was assumed for the plotting of cumulative height curves that the sea
state at shore is best represented by wave heights of less than one foot
when offshore directed waves were being recorded. Most likely, many
waves greater than one foot would be recorded at shore during this time,
This assumption gives a poor basis of comparison for recorded and observed
low wave heights in which the majority of waves fall. In the cumilative
distribution curves for wave period, the assumed frequency of occurrence
of.a specific wave period was assumed equal to the frequency of the on-
shore directed wave (of a specific period) times one (1.0}, divided by
the total fraction of onshore directed waves.

Cumulative curves of the plotted wave height and period distribu-
tions at these three stations are shown in Figures 22 through 27. The

wave height cumulative curves show three sets of points with corresponding
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TABLE 5

RECORD[NG PERIODS OF SHORE BASFED CERC WAVE GAGES USED IN
COMPARISON OF ACTUAL TC PREDICTED SHORE WAVE CLIMATE

Dayrona Beach, Florida

{Depth of Wave Gage = 15 ft, MWL)

February-Decenber 1954 1570 observations™®
February-Novenber 1955 1151 observations
Februaty-tarch 1956 234 observations
January -April 1957 321 observatlons
Novembe r-Deceuber 1964 304 observations
Lake Worth~Talm Beach, Florida
(Depth of Wave Gage = 18.2 ft. MWL at lake Worth and
= 15,7 ft. MWL at Palm Bueach)
January-April and
June  -December 1958 Palm Beach 1161 observations
January=Deccmber t960 Palm Beach 2020 observations
January~December 1960 Palm Beach 1687 obuscervations
January—-April and
June  -December 1961 Talm Reach 1301 obscrvatlions
January-December 1966 Lake Worth 1751 observatrions
Naples, Florida
(Depth of Wave Cage = 16.6 ft. MWL)
January-December 1958 " 1454 observations

*

Each observation is the significant wave height and period as
determined Crom a 7-minute recording of sea surface clevatlon measured
using a stuep resistance type wave gage.
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smooth curves drawn through them, one curve for the CERC gages, one
curve for the deep water onshore wave climate as recorded by SSMO,
and one curve for the SSMQ wave climate as modified by the present
study to the depth of the recording wave gage. Since it is assumed
that periods are not modified by offshore topography, two curves are
shown on the wave period cumulative distribution curves, one for CERC
recorded wave climate, and one for SSMO recorded wave climate with
inherent assumptions.

The curves show that wave heights of the higher energy waves
are represented well by the modified SSMO data. Unfortunately though,
periods are poorly defined by the data source. These findings are
similar to other research efforts using this data source (see
Reference [25]). Due to the large dependence of wave modification
on wave periods, it is felt that an even closer correspondence to
offshore observations might be obtained with improved period observa-

tions,



CHAPTER V

CONCLUSIONS

A method has been presented for computationm of littoral drift
along coastlines using existing ship wave observations as a data source.
This method encompasses numerous assumptions which limit the final
results to a beach with no significant ancmalies in offshore topography.

The method was applied to portions of Florida's sandy shoreline,
and results of drift calculations at many locations were compared to
estimates of littoral drift by the U.S. Army Corps of Engineers. Except
for a portion of the Southeast Florida Coast, the magnitudes of net
drift computed are in reasonable agreement with previocus estimates.
Directions of net drift compare well in most cases althouéh one notable
exception occurs at East Pass on the Florida Panhandle. The cause of
the extremely high wvalues of computed drift in Southeast Florida is not
known at this time although possible explanations have been mentioned.
It is recommended that this study not be used for prediction of drift
in the section of Florida south of Jupiter Inlet.

The simple analysis used is very powerful in that it can also
be employed on a menthly basis to give the seasonal variation of drift
in a specific area. Between Fort Pierce Inlet and St. Lucie Inlet, the
orlentation of the coast does not change appreciably and monthly averaged
net littoral drift rates were computed for the average orientation of
the shoreline and are shown in Figure 28 as an example of future pos-

sibilities for this type of analysis.
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To substantiate the wave modifications used in this study,
and to ascertain whether the data source observations are reasonable,
a comparison was made of this modified (shore) wave climate predicted,
and the wave climate measured by shore-based step resistance wave
gages. The results showed that extreme wave heights compared well,
but due to assumptions made in regard to 'calms” in the data source,
a reasonable comparison between the majority of smaller waves was
impossible. Comparisons of wave periods indicated that the periods
obtained from the ship data generally differed from those determined
from the shore gage by two to three seconds,

If offshore topography is not appreciably different from
ideal conditions, it is believed that littoral drift computations
based on the results of this study should lead to more rational

design standards and criteria for coastal works in Florida.
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APPENDIX 1

DERIVATION OF THE LONGSHORE ENERGY FLUX EQUATION

The purpose of this appendix is to develop a relationship for
the longshore component of enmergy flux in terms of the deep water wave
parameters. As before, this relationship is strictly valid only for
bathymetry represented by straight and parallel bottom contours
{see Figure I-1).

Consider a wave system propagating from deep water to shallow
water along the rays (paths) shown in Figure I-1. By definition, there
ig no flux of energy normal to the rays; conservation of energy therefore
requires that, on the average, the energy flux past Station 1 must be

equal to the sum of the energy flux past Station 2 and the energy losses

between Stations 1 and 2,
Energy flux past Station 1 = Energy flux past Station 2

+ Energy losses between Stations 1
and 2

The energy flux for a ray separation of AL can be expressed in
terms of the product of the energy density E and the group velocity,

Cg; i.e.,

Energy flux = E Cg * AR (I-1)

where, for small amplitude wave theory, the energy density E and group

veleocity Cg are:

82
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Wave Roys
(or Orthogonals)

ALy

I I

Surf Line - _ __Bottom
(Wave Breaking) Contours
FIGURE I-I. PARAMETER DESCRIBING PROPAGATION OF

WAVES FROM DEEP TO SHALLOW  WATER
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2
ft
_ [ 2kh | ft.
Cg = nC =75 1% Jiak 2kh| sec (1=3)

with H = wave height, feet

Y = specific weight at seawater, lbs./ft3
C = wave celerity = %—, feet/second

K = wave number, %E , (ft)_1

h = depth of water below mean sea level

Reference to Figure I-1 will show that between any two adjacent rays,

Ab is uniform and also that

AL = Ab cos o (1-4)

where the length Ab is oriented parallel to the bottom contours.
The energy flux is a vector quantity; at any location the

onshore and longshore components of energy flux between adjacent wave

rays per foot of beach length are given by

Onshore Component of Energy Flux = E Cg Ab cos2 o (I-5)

Longshore Component of Energy Flux = E Cg Ab cos o sin o (I-6)

At any location, the wave height, H, is related to the wave

height, HO, in deep water by

H = H0 Kr KS Kfp (I-7)
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n Cy1/2
where KS = linear shoaling coefficient = [ ECO] , with n, = 1/2
Kr = refraction coefficient
Kfp = friction-percolation coefficient, a reduction factor

accounting for the energy losses due te bottom friction
and percolation occurring between deep water and the location

of interest.

Because sand transport occurs primarily within the surf zone,
the energy flux into the surf zone and the (breaking) conditions at the
surf line are of primary interest, From Equation (I-6), the longshore

energy flux per unit beach length at the surf line is

2
vy
Ea alare Cgb sin ocb cos ab (1-8)
which can be expressed in terms of deep water conditions as:
Ve, 2 .
Ea =5 (Kr KS Kfp)b Cgb sin o cos O {(1I-9)
According to linear theory,
Cg
K = E—o (I-10)
*b &
/ cos o
K = / (1-11)
T, Y cos o
and
1l Lo
= = =L I-12
C8, = 3 7 ( )]
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Equation (I-8) therefore becomes:

_ o|(Lo| .2 2 . ft - lbs _
Ea = {I——}(ZT] Krb Kfpb sin ab cos ub oo per foot of beach (I-13)

The form of Equation (I-13) that is recommended in the literature
(see Reference [11]) is obtained by considering a one-day period and re-
writing in terms of millions of ft-1bs of longshore energy per day per

foot of beach as:

E*

= = 2 ft - 1bs

Ea 2 {number of waves per day) sin ab oS ab Kr ——EE;__h.per foot of beach
{I-14)

' YHiL

in which E* = ———
0 8

and {(number of waves per day) = 24(;600!

It can be seen by comparing Equations (I-13) and (I-14), that the

above equation embodies the assumption of K =1, i.e., no energy losses.

fp
This assumption can be considerably in error in coastal areas with broad
shallow continental shelves.

By substitution of Equation (I-11) into Equation (I-13), another

form of the longshore energy flux equation is derived as:

2
H
= |2 2 ft - lbs _

Ea = [Yg J Cg0 cos ao sin ab Kfpb “eee per foot of beach (I-15)
or

H2
E = |~ Cg_ cos a_ sin & K2 (24) (3600) million £E_—1bs per foot of

a B 0 o b fpb 106 day teach

(I-16)
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Note that in the above equations, the effects of bottom frictiom and
percolation were retained. Equation (I-16) is the form of the long-

shore energy flux equation used in the computations of this report.



APPENDIX 11

ANALYSIS OF SSMO WAVE HEIGHT, PERIOD, AND DIRECTION RANGES

The purpose of this appendix is to describe the manner in
which the groupings of wave data listed in the SSMO volumes were

handled for computations of longshore energy flux.

Wave Hedght
For the SS8MO data,a representative value of Ho must be chosen
for each interval of wave heights contalned in SSMO Tables 18 and 19.
Since energy 1s a function of wave height squared (in linear theory},
a representative value of H0 for a given range of H0 values should be
based on the mean square root value of the wave height over the range.
Consider the probability of occurrence of a wave with specific
height H as equal to p(H) in the range H1 to H2' The energy represented

in this band of wave heights 1is proportional to Hi the mean value of a

representative wave height squared where:

H
z 2
p(H) H dH
Hi = H;i (I11-1)
I 2r:o(H) dH
By

Since p(H) is not known, it is considered uniform, which is
reasonable if the wave height range Hl < H< H2 is small. The equation

then becomes:
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.Hz )
H"dH 3 3
J -
w2 = 1L 1 - ) (11-2)
T er 3(H2 Hl)
dH
"
Taking the square root of this value,
1/2
l(Hg - Hi)
H = | (11-3)

r 3(H2 - Hl)

Using Equation (I1-3), representative values of H0 were found
for the corresponding ranges of H0 given in S5MO data, and are summarized

in Table TI-1.

Wave Period

Representative values of T were assumed to be the average of the
S8MO period ranges, and are given in Table II-2. For T > 13.5 seconds

a representative value of T = 16 seconds was assumed.

Wave Direction

Directional observations as recorded in the SSMO volumes are
given on eight points of the compass and thus correspond to eight 45°
sectors of the compass. In the computation of the longshore energy
flux, the midpoint of the sectors, as given in the SSMO data by the
eight points of the compass, were used as the representative values of
9 for direction of wave approach. When a representative wave having

a given frequency was parallel to the coastline, the corresponding



g0

TABLE II-1

REPRESENTATIVE VALUES OF WAVE HETGHT USED IN
COMPUTATION OF LONGSHORE ENERGY FLUX

Actual SSMO Range of lleights Height Used in Computation
SSMO Coded Height (feel} (feet)
<1 0 £ H < 0.82 0.47
1-2 .82 o1/3 2.46 1.71
34 2.46 4.10 3.31
5-6 4.10 5.74 4.94
7 5. 74 7.38 6.58
a8-9 7.38 9.04 8.22
10-11 9,04 10.70 9.85
12 10.70 12.30 11,49
13-16 12.30 15.60 13.98
17-19 15.60 18.90 17.25
20-22 18.90 22.15 20.53
23-25 22,15 22.43 23,81
TABLE I[I-2
REPRESENTATIVE VALUES OF WAVE PLRIQD USED IN
COMPUTATION OF LONGSHORE ENERCY FLUX
Period Used in Computation
§58M0 Coded Period Actual SSMU Ranpre of Periods nf Longshore Energy Flux
<6 0 £ T < 5.5 3.0
6-7 5.5 7.5 6.5
3-9 7.5 9.5 3.5
10~11 9.5 11.5 10.5
12-13 11.5 13.5 12.5
>13 13.5 el 16,
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sector of waves was divided into two parts, one being deleted from
the computation and the other approaching the coastline from the
midpoint of its half sector with the corresponding frequency halved
(see Figure II-1). Wave data in octants with midpoints in the off-
shore direction (> Gn + 90°) for a given coastline orientation have
heen deleted from the drift computations.

In the SSMO data it was ascertained that a considerable number
of the original observations were taken on the 36 points of the compass,
and, when reduced to the eight points of the compass in the SSMO tables,
a skew of the wave direction was introduced. This skew amounts to a
ten degree shift clockwise, and has been accounted for in the results

of the littoral drift computations.
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FREQUENCY = f

OCEAN

{o) Wave dato before modificotlon is convertod to (b)

2 it
A’ZH

FREQUEHCY = '/2

OCEAN

(b} Wove dotao ofter modificotion

FIGURE IL-l. MODIFICATION OF WAVE DATA FOR  WAVES
PARALLEL TO COASTLINE



APPENDIX IIT

CALCULATION OF BREAKING WAVE HEIGHT, DEFPTH,
AND BREAKING ANGLE

This appendix presents the basis for calculating the breaking
wave height and depth of breaking, by either linear or solitary wave
theory. Also, the method for calculation of breaking wave angle
necessary for computation of longshore energy flux is given.

The major factor in determining the breaking characteristics

of a wave 1s the dee? water wave steepness, equal to ;9 (or if refrac-
tion is considered;2 ). In the present analysis a juggement was made
as to whether the wazes break accerding to linear or solitary E?eory
(see Figure 10, Page 30, Reference [26]) depending on whether EQ is
greater than or less than the value 0.02. °
Breaking According to Linear Theq&¥
Iverson has shown that if-ig > 0.02, a linear wave theory approxi-
mation to breaking depth is most rzasonable. In this approach Hb = HoKsKrKfp

from linear wave theory where Kfp’ K. and Ks are the friction-percolation,
refraction, and shoaling coefficients, respectively., Assuming K, and Kfp

are not further altered beyond a depth hg, then Hy = H; K, where

H' = HK K at the depth h (assumed 10 feet). Making the shallow water
a or fp s
approximation:
1/2
Kh -1/2
K, [K h} (2) (II1I-1)
Q
and
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Kh 11
[Koh] ~ Tanh Kh - Kh (I111-2)

Then,
2

Koh = (Kh) (I11-3)
and

K =z 1 (1LI-4)

- 1/4 2
5Tk wtt @b

At breaking,

hb = 1.28 H (I11-5)

and on substitution of this relatiomship into Equation (I11-4), the

following relationship is obtained:

1
1/4

(II1-6)

M(H )1/4

2 (1.28) )

1
)
Recalling that Hb = HéKs at breaking, the following equation for breaking
height is found:

H = 0.692 H$4/5 o2/5 (1I1-7)

H'
with H; and Hb in fecet and T in seconds. Values of 7 versus £ are

H' L
0 o
plotted on Figure LII-1 (from Reference [11]) which shows good correla=

tion between this approximation and other theoretical and empirical

formulas.
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Using linear wave theory with the shallow water approximation,

and a breaking criterion hb = 1.28 Hb’ the sin a, term becomes:

sin a = {;%] sin o (111-8)

where ¢ = (gh )% = (1.28 gn )t/? (111-9)
b b b
c = 5.12T
0
a = deep water wave angle

Breaking According to Solitary Theory
1

o]

L
o

breaking waves is given by Equation (1-34) in Reference [11].

For < 0.02, solitary wave theory was used. The equation for

Hl
H = e (111-10)
b 3.3(Hé/LO)1/3

The relationship between this equation and results of other studies can

also be seen in Figure III-1. The term sin ub is again calculated from

Snell's law with C. being the solitary wave celerity:

b
B 1/2 _
C, = [g(hy + H)] (111-11)
c, = [8(2.28 Hb)]l/2 (11I-12)
where again Snell's law of refraction states
Cb
sin o = E?J sin @ (I1I-8)
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Figures Al Through AS50

Average Annual Net and Average Annual Total Littoral Drift

Diagrams Along the Florida Peninsula
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FIGURE A30. VARIATION OF AVERAGE ANNUAL TOTAL ULITTORAL DRIFT
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WITH BEACH ORIENTATION - ST. JOSEPH BAY ENTRANCE

FIGURE A32. VARIATION OF AVERAGE ANNUAL TOTAL LITTORAL DRIFT
TO CAPE SAN BLAS, FLORIDA
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FISURE A37. VARIATION OF AVERAGE ANNUAL NET LITTORAL DRNIFT

WATH BEACH ONIENTATION — CLEARWATER PASS TO
TAMPA BAY ENTRANCE, FLORIDA
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Average Littoral Drift in Cubic Yards Per Day
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WITH BEACH ORIENTATION — BOCA GRANDE INLET TO

FIGURE A45(b). VARIATION OF AVERAGE ANNUAL NET LITTORAL DRIFT
SAN CARLOS BAY, FLORIDA
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WITH BEACH ORIENTATION ~ SAN CARLOS BAY TO

FISURE A47. VARIATION OF AVERAGE ANNUAL NET LITTORAL DRNT
WIGGINS PASS, FLORIDA
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- WITH BEACH ORIENTATION — WIGGINS PASS TO

FIGURE A4S. VARIATION OF AVERAGE ANNUAL NET LITTORAL DRIFT
CAPE ROMANO, FLORIDA



FIBURE AS0. VARIATION OF AVERAGE ANNUAL TOTAL ULITTORAL DRIFT

WITH BEACH ORIENTATION — WIGGINS PASS TO CAPE

ROMANO, FLORIDA



Figures Bl Through R12

Wave Height and Wave Period Roses for Offshore Wave

Climate Along the Florida Peninsula
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WAVE REIGHT ROSE FOR OFFSHORE WAVE CLIMATE
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Figures Cl Through €24

Average Monthly Net and Average Monthly Total Littoral Drifr Diagrams
for the Segment of Shore from Fort Pierce Inlet

to St. Lucie Inlet, Florida



VAIOT4 LINI XM LS OL L3N 3DY¥3Ad LuOd
AMYONYE - NOLLVANIRIO HOVIE HiMm :
EEPE>§§§<.¢OIQ.—$¢¢> ._ou.-:o_.._

Ang g spmp 290D ¥ QG Py sboseny

S
€ — | _ONSS NI 0308023 SV
i Y
JHOvt /B | S3AvM 3HOHSNO 30 AONIND3I¥L +—— O
N - ....m I
: o | (LHOI¥ O1) L418Q 3AILISOd L3N

" (1437 O4) 14180 3JAILYOIN U3N ~———- y




VOO ‘L3N 3i0M 1S QL 137N 30M3ld LH0d
AHMYNNVE - NOLLVANIRIO HOVIE WL

1340 TWHOLLN TMLOL AHINOW 39WH3AY JO NOILVINVA  "20 3uNOld

DG J8d SPIOA HAND W LA DI0HT S80Iy

009l 002 008 OO O OOF OO 0021 009

o EEEs S ==
e “4‘&“\\}? /%4“.

RIS i o

N CSKHTTSE

.VA,.

-

/\
S

o

(7

Sheuug|
S

—g




VOINOTd L3N 310M 1S OL LITN 3DH3d Lu0d
AMVNYNEd ~ NOLLVANIRIO HV3E HLWM
A3M0 WHOLLIT L3N AWHAINON 3OWHIAY 4O NOILVINVA €0 3WNOld

AoQ iad SPIOA 2QND W UG PoU sloseny




VOIIOTS ‘LIINI 31017 1S OL L3Nl 30434 1M0d
ANYNNE3S — NOLLVANIINO HOVIE HLWM

L4RQ WHOLLIN WLOL KTHLNOW IOWM3AY 40 NOILYINVA 'O 3HNOId
AnQ 18g spoj dGND W i 10204 eboseay
0091 002 008 0.0, 4 0 oo 008 HOON_ ﬂooo_ -
A RN
RENSS WAL
i1 ;

ou TS I A i
S il e A

N !
Tt

{

!

8— i

. , p .
. i " ) - 7 R
., - . ..__ :
- . /‘uﬁfﬂ/lﬁ FFFFFF v |||||||||||||||||| /
Y . F __ \b

~ /
o¥ /- foan aN3937
\ _ . 1T




-

SATIVE DRIFT (TO LEFT) |

4@’ —+—+ FREQUEN

600 800

400

5
0 200
Averoge Litloral Drift in Cubic Yards Per Doy

& "%%@

400 200

LT NET NEGA
NET POSIT
[
\>‘AS RECOR
P N
TN ‘
|
800 600

FIGURE CS.

VARIATION OF AVERAGE MONTHLY NET LITTORAL DRIFT

WITH BEACH ORIENTATION - MARCH

FORT PIERCE INLET TO ST. LUCIE INLET, FLORIDA



VORIOT4 ‘L3I HOM 1S QL L3N 30M3Nd LH0d
HOMYW — NOLLYINIRIO HW3IG HLM

140 TWHOLLIT TWLOL ATHINOW 3OWH3AY 40 NOILVINVA  "90 3uNOId

NSRS b
=N SHSOAAT
=X <§ ‘g"‘w )

nnnnnn



VAINOTY ‘L3INI 31007 LS OL L3N 3043ld LMOd
UV - NOLLVLNIO HOVAE HLIM
430 TWHOLLIT L3N CHHINOWN 3OVM3AY 4O NOILVIMWA LD 3HNSId

Aog sed SPIOA 2GRD W G POUN sboseny
. 008 009 _OoFr o002 0 002 000 009 008
” ! : e .

OWSS NI Q3040234 SV
SIAVM 3HOHSNO 40 AINZNO3HY 44—
(LHOIYM Ol) L4140 3AILISOd L3N

{1437 OL) L4IHO 3AILLVS3N L3N ————

gN3937




YAIHOTd LINE 31907 1S 0L L3NG 3DH3Ad 1804
TNULY - NOLLYLNIINO HOVIE HLM
1410 WNOLLIN TvIOL XTHLINOW 3OVH3IAY 4O NOILVINWVA  'BD 34NOId

AoQ i8d SpIOA dKQRD W 1T 10047 eboisay

{(1HOIY OLl) 414180 3IAILISOd —
(L3437 04) 14180 3JAILVO3IN ————

GN3937




YaioNd ‘L3INI 310N 1S OL 13N 3043 L1HO4
AVN - NOLLYLNIIMO HOV3E HLiIM
430 WHOLLA L3N KXTHLNOW 3OVH3AY 40 NOLLYIMVA 6D 3MNOI4

AoQ Jed SPIOA GRD W 40 (DI eBoseay
00z O0ov 08 008

OWSS NI 03080234 SV
SIAVYM  FJHOHSNO JO0 ADN3INOIYS ~—4-
(LHO1H Q1) L4140 3JAILISOd L3N

(1337 0OL) LJIHQ 3ANMVOIN L3N ————

ON393




VN0 “LITNI 319M 1S OL L3 N1 30§3id LNOd

AVWN — NOLLYLN3IHO HOV3E Him
14180 TVHOLLN VLOL KTHINOW 39VM3AY 40 NOILVINVA 01D 3¥N9I3

Aog Jad spioA 9QnY W }1uG iU sboisay

(LHOIM OL) 14180 3AILISOd

(1437 01) 14180 3IAILYVOIN ————

aN3937




VOIHOTd LIWNI FONT 1S OL L3N 3DH3Nd LHOd
3NNP - NOLLVANIIMO HOVIE HLWM
1480 TVHOLLT L3N AHINOW 39VHIAV 40 NOILVIHVA 1D 3HNSId

£oQ Jed SRIOA J1GND W AT 0s0N eBossAy
0O 009 008

0 SN\ o2
NP
L~ ._/xw
TN J& S X

SN
/ \o‘\ OWSS NI Q30HOD3Y SV
\\\

~JOb  S3AYM 3HOHSNO 30 AONINDIYS 4—F
(LHOIY Ol) LJIHQ 3AILISOd L3N

(1437 OLl) 141H0 3JAILYHIN L3N -———

ON3937




VaNOTd L3N 32T 1S OL L3NI 30M3Id Lu0d
3NN = NOLLVANIIMO HOVAE HLAM
14IHa TWHOLLIT TWAOL KTHLNOW JOVH3AAY 40 NOILVIMVA 210 Jdnold

AoQ Jad SPIOA 2GND W LG RIoHN eBoieay
008 008 O0b 002 0 00 OO0 009 008

ey : 2N T ——~E
R R B S s /S iy e S N P
— U AR R |
PR \\_\\_,,..\.\ 5 [T "V’qogqr o
Xy
\\\ , \00'
\\ 4
/ e
" O
(LH91¥ OL) L1JI¥G 3AlliSOd

(L4371 04} 1418 3IAUYOIN ———
aON3937




vaI¥old LI 3I0M 1S OL L3N 30M3id 1MOd
AP - NOLLVANIHO HOV3IE HLWM

140 TWHOLLT 13N ATHINOW 39VM3IAY 40 NOILVIMVA "€I0 3dNOid
fog Jed spioj QN W 1Q POUIT SBoseny

! MFaoNan

f
X

SIAVM IJNOHSNO 40

3 b -
Y - .
L 5 \
, OWSS NI Q3080238 SY

P
: Al SIAYM FHOMSNO H0 AININDIYY -4
o8 {LH9I¥ OL) 140 3AILISOd L3N

{14317 OL)} L1410 3AILVO3IN 13N ———-—

ON3937




YaO1d ‘L3N 31I0M IS QL 13N 3043d 1804

ANE - NOLLVINIINO HOV3IE HLW
14040 WHOLLIT TVLIOL ATHANOW 39WVH3IAV 40 NOILVINVA 410 3HN9ld

AoQ Jad spmA 2QND W 1JAT 10047 eBossny
(40 009 OO0 00e ¢) 002 O00r 009 008

: T

T 3. ¢ g P~z
pes= ool
PP T P \sh'/% ,./Kvﬁ‘t. A . ol

. . : N !
. \
. N
- TN 4 ...an bN
. \\\
- - . s k T
. . - . Sy
- - . B r o :
- s s
¥ ’ : " E K P 4
P :
: - - | : - ’ R
. . - . ; - K
: : s -
‘ . . B
. P ; i L ; i e
. i 3
B o s b g : -
- K , K . ! | . B X V4
. . . ! | j -
= : > " \ N
! . ! . B . .
s . ! ; ) \ i . - g
ey ¥ ) i t . : v
. k . ; 1 . ", % Ie
/ s e . . | -

(LHOIY OL1) 44iHO0 3AiILISOd

(1437 OL) 14180 3AILVOIN ————

aN3937




vaRioNd L3N A0M 1S OL LIN 3J3d LHOd
LSNONY - NOLLVANIIMO HOV3IE MLlimM
L4140 WHOLLN 13N KIHANOW 3OVH3IAV 40 NOLLVINVA  'GI1D 3HNOId

AoQ sed SPIDA WMD) W 1IQ 100417 sdoseny

oo:

e e .
[

b

~S3AVAM JHOHSNO,

J
Jf
#

,;
__ \o\' OWSS NI Q3080238 SY

__~"43L  SIAVM 3IHOHSNO J0 AININDIYIS +—+
(LHDIY OL) L4iHQ 3AILISOd L3N

(L4317 OL)} 141840 3AILVO3IN 13N ————

aN3937




VORIOTd ‘L3N 310M 1S OL L3N 30H3d LHOd
LSNOMNY -~ NOLLVANINO HOVIE HiW
14/A TVHOLLIT VAI0OL ATHLNOW 39WM3AY 40 NOILVINWA

‘910 3uNdl

_§ 009 OOF 8N o. rOON Sw 009 008 N

(1437 01) LJI¥Q 3JALYOIN ~———
uuuuuu



o
n b {
VARIATION OF AVERAGE MONTHLY NET LITTORAL DRIFT
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FORT PIERCE INLET TO ST. LUCIE INLET, FLORIDA

WITH BEACH ORIENTATION

FIGURE CI7
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Figures D1 Through D48

Monthly Wave Height and Wave Period Roses for Offshore

Wave Climate in SSMO Data Blocks 11 and 12
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