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PREFACE

This report consists of two parts. Part I contains
5 technical papers*by Bércilon, Lau, Miller, Tam and Travis,
all of which are published in scientific journals with high
standards of review. The first four of these cover results
of our early work under the Sea Grant program. These papers
provide iﬂsight into the mechanisms of formétion of transverse
sand bars, submarine longShore bars and rip currents. The
fifth paper is a thorough review paper in which theoretical and
experimental modelling of physical processes pertaining to the
near shore are discussed and compared with field observations.
Part II, by Christopher Miller, presents the final computer model
for predicting changes in the plan shape of shorelines due to
the littoral drift component. This part of the report includes
a discussion of how the sediment transport rate is related empiri-
cally to the water flow; the range of incident wave angles for
which the governing equations are stable, the finite difference
scheme, as well as a listing of the computer program. It also
includes a test of the model on specific coastal sites in Florida.
PART I: The study of longshore bars has led to the con-
viction that the dredging of certain submarine longshore bar
systems may actually lead to severe erosion of the shoreline.
A further suggecstion has been made concerning the possibility

of reversing erosion trends in some beach locations by properly

*Editorial note: The five papers are included by reference only, as they
appear in the literature already.
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contouring the bottom topooraphy to conform with wave-reso-

nant eguilibrium patterns determined by the theory. It fémains,-
however, to determine the logistics and economics of such a
venture. Specific abstracts of each of the 5 individual papers
in this part of the final report are as follows:

The paper by Lau and Barcilon (1972) investigates the
reflecticn and non-linear interaction between the first and
second harmonics of a2 two-dimensional Boussinesg wave train.
ffects of topocraphy are included, with the depth departing
rom & constant in a finite region. It is found that topogra-
hv can speed up or retard energy transfer between the first
néd second harmonics. The reflection coefficient is signifi-
antly

O M rhtr

nt ¢ifferent from the one obtained by using linear theory.
In the paper by Barcilon and Lau (1973) an extension

of Kennedy's potential model is used to investigate the forma-
tion of sand bars normal to a gently sloping beach. The results
show that the spacing between the transverse bars depends upon
the inverse of the beach slope and upon the square of the a-ift
velocities across the bars. 1In spite of certain drawbacks the
theoretical predictions compare well witn several observational
studies.

The paper by Lau and Travis (1973) investigates the mass

transport velocitv in the Stokes boundary laver due to slowly
varying Stokes waves impinging on ané reflecting from & plane-
sicping beach. The resulting mass transport velocity distribu-
tion is intercreted to indicate the possible locations of sub-
marine 10 gcho e sand-bar formation. It is found that the num-
ber of bars is l1ikely to increase when the bottom gradient is
slight and that the spacing between the crests of the bars in-
crezsses seaward for some distance offshore. These results are in
cualitative agreement with field observations.

The vaper by Tam (1973) investigates the dynamics of
rip currents using shallow water equations with a horizontal
eddv visccsity term. In this paper similarity solutions of the
model ecuations are found which appear to give reasonable repre-
seu-azl ns of the velocity profils and other characteristics of

rirp rrents.
The c¢omprcheniivz revi~ s zuner by Miller and Barcilon
{1276) covers +he prossnt knowledge concerning the dynamics of
ric currents, 1lOngsSnore CuXrXents and SUpHLeY ro&:z;uvr ot
hogch deformation due +tc wave-induced erosion and accreticn.



PART II: As mentioned above, this part of the Fiﬁal
Report (by Miller) contains the final predictive computer model
including a listing of the computer program and a test of the
model on specific coastal sites in Florida. The numerical model
is based upon recent developments in the theory of longshore
currents and Lagrangian description of shoreline deformation.
The computer program requires as input data the breaker character-
istics (i.e., height, angle and duration for each wave consider-
ed) computed from raw data. The choice of sites for testing the
predictive characteristics of this program was dependent on the
availability of wave and bafhymetric data. During 1975 deep
water ship wave data for the Gulf of Mexico were analyzed for
long-term (100 years) study of St. George Island. In addition,
a beach nourishment project at Jupiter Island provided the
opportunity for a short-term (8 months to 5 years) study. The
field observations on wave climate and transverse profiles
gathered by our collaborators at the University of Florida were
provided to our group for analysis during the course of the year.
Observed changes in ﬁhe St. George and Jupiter Island plan
profiles were compared with test predictions of the computer
model and are presented in this part of the Final Report. More-
over, the computer prediction was extended beyond the present time
for these beaches by 20 years and 5 years, respectively, and will
require further monitoring of the beach morphology to verify the

future predictions.



One result of the study was the definition of a
reasonable range for the empirical coefficient linking the
sediment and water motions. It was found for St. George
Island that, over the time period of interest, the longshore
‘mode of sand transport dominated and therefore, good predic-
tions could be‘made if the nearshore wave field were known well.
For Jupiter Island, on the short term, the onshore-offshore
component of sand movement predominated, thus making it possi-
ble to model only general trends due to the re-working of the
strandline by the longshore drift. Special attention is affor-
ded the endpoint condition in each case.

The major conclusion of this study is that the present
numericai model is a viable predictor of shoreline movement
if (1) the predominant direction of sanq transport is longshore
(2) the nearshore wave climate can be adequately resolved (3)

endpoint boundaries are treated in a physically realistic manner.



The Numerical Prediction of Shoreline Changes Due

to Wave-Induced Longshore Sediment Transport

Christopher D. Miller

Geophysical Fluid Dynamics Institute
Florida State University
Tallahassee, Florida

1975




Acknowledgements

The author would like to extend his appreciation to the
following people:

Dr. Charles Quon of the Bedford Institute of Oceanography,
Dr. Paul Schwarztrauber of NCAR for helpful discussions; Todd L.
Walton of the University of Florida for the use of his wave
modification program; Ziya Ceylanli of the University of Florida
for valuable advice and assistance on the Jupiter Island project;
Dr. Richard Pfeffer for making available the facilities and
resources of the Geophysical Fluid Dynamics Institute, Florida

State University.

ARE



Abstract

We have attempted to guantify numerically the changes
which occur in the plan shape of beaches due to wave-induced
longshore sand transport. The approach of this study has been
to draw upon recent developments in ths theory of longshore
currents, beach deformation, and sediment transport to synthe-
size a numerical model which can be calibrated in accordance
with field observation and laboratory studies and, subsequently,
used to make predictions of shifts in a shoreline, given cer-
tain bathymetric and wave data as input. The work of Longuet-
Higgins (1970a,b) on longshore currents and that of LeBlond
(1972) on shoreline evolution constitute the framework within
which we build our numerical model. The model is applied to
two Florida coastal regions, the Apalachicola Bay region in the

Panhandle and Jupiter Island on the southeast coast.
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I. Introduction

A beach face can only achieve a state of quasi-
equilibrium. Acted on by varying wave climate, wave-induced
circulations, tidal currents, wind-generated currents, etc.,
it undergoes modification on both short and long time scales.
lMovements of sediment are induced in both the onshore-offshore
‘direction and the longshore direction. There is much evidence
that the sediment motion normal to shore is cyclical in nature
(e.g., the classic winter-summer variations in the transverse
orofile) and that over the course of a yesar the net loss or
gain of sand to tae beach system in this direction approximates
zero. Exceptions to this tenuous rule occur when the sand moved
offshore is made unavailable for eventual transport shoreward,
for instance, whan a nearshore canyon acts as a sink for the
sand flow (as in Southern California) or when storm waves remove
the sand to such a depth that the 'summer' (accretive) waves
cannot effect the shoreward migration of the resulting semi-
permanent offshore sand bars (e.g., off the west coast of
Florida), etc. In this study we are concerned with time scales
of, at least, 1 year and longer. We assume implicitly that over
the period of a year there is no net displacement of the shore-
line due to the onshore-offshore shifting of sand. If this were
not the case then we would have to establish criteria, both
theoretical and empirical, governing the movement of sand normal
to the beach; examples of such approaches are provided in

section III.
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There are several agents which can be responsible for

bezch svstem. 4 river can discharge enormous quantities of
sediment into the coastal zone replenishing the beaches con-

tinuously. A tidal inlet with its delicate balance bztween

N

urrents ancd sand transport can act as an impasse to the long-
shore 'river of sand' flowing by its mouth, trapping a substantial
amouvnt In shoals both outside and inside of the inlet channel.
Viclent storms (e.g., hurricanes) with their associated surge
ané hich waves can carry beach sand landward ('washover') or

Zar seaward making it inaccessible to the normal accretive pro-
cesses. The refraction and diffraction of waves around barriers,
man-made (jetties, groins) and natural (tips of islands and
spites), conveys sand into quiescent 'shadow' regions where it is
sheltered from wave attack. In other words, in order to model
correctiv the changes in a coastal area, one must be familiar

with the hydrodvnamics and marine geomorphology peculiar to that

Confirninc our attention to the longshore drift of sand
which we view in this study to be the principal means by whicn the
ate matter at the coast is redistributed we seek to
zprly recent developments in the theory of longshore currents

iggins, 1970a,b) and shoreline deformation (LeBlonc,
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3
serving as inputs the distribution of breaker wave characteristics
along the shore is computed; using this information a forcing
function for the longshore flux of water and sand can be derived.
The longshore divergence of these flows leads to local accunu-
lations or deficits of sediment and the subsequent movement in
time of the strandline can be monitored. A predictive computer
model is developed based on these simple concepts and is applied
to St George Island, a barrier island fronting the Apalachicola
Bay, Florida, and Jupiter Island on the south-east coast of
Florida. St. George Island is presently undergoing developmental
pressures. Jupiter Island, plagued by erosion problems, is the
site of a recent beach fill project; the question naturally arises
as to whether or not the local beach system can retain this
artificially deposited sand. Our approach to each site differs
because of the nature of the inputs (source and analysis of wave
data, bathymetry), the scale of the motions, and the time period
of interest. We elaborate on these points in sections VII and
VIIT.

Previous numerical studies on the molding of a coastline
composed of loose material by wave-induced forces include Price, et al.
(1972) , Romar (1973), and LeBlond (1972). Price, et al. and Komar
formulated one-dimensional Lagrangian descriptions for beach
change, i.e., the translation of the coordinate points which
define the shoreline was restricted to to-and-fro motion along
a line parallel to one of the fixed coordinate axes. Figure 1
from Komar indicates how the shoreline is represented and its

movement normal to itself. 1In LeBlond's model the beach points
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are free to move in the entire horizontal plane (a two-dimensional
Lagrangian formulation); this allows for a more accurate tracking
of the evolving beach shape as well as a truer modeling of end
point boundary conditions (see Figure 4). Among the disad-
vantages are the possibility of very irregular spacing between
points and the merging of adjacent points (néte: our computer
model allows for 're-setting' the beach if this is warranted).

The general format for this study involves a discussion
of the equations governing the fluid and sediment motions, the
finite-difference form of these equations and a scheme for their
integration, a treatment of the empiricism which links the magni-
tude of the sand flow to the longshore current, an explanation
and listing of the computer program, application of this numerical

model to specific beaches and conclusions.

II. Longshore Currents and Beach Deformation
1. Longshore Currents

Over the years various approaches have been adopted in
attempts to describe how the orbital motion of water waves is
converted into the circulation velocities found in and near the
surf zone. Longshore currents, which are prominent when wave
crests break skew to the bathymetric contours, have been treated
theoretically by considering the balances of mass, momentum, and/or
energy in the wave-breaking region. Galvin (1967) has provided
a summary of longshore current theory and supporting lab and

field data up to 1967. Galvin's conclusion that both theory
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re wholly inadeguate led to more sophisticated *heo-
retical models by Thornton (194%), Bowen (1969) and Longust-
Higgins (1%70a,b). Based on the conservation of momentum and
the "radiation stress" concepts introduced by Longuet-Higgins
and Stewart (1960,1961,1962,1964) these three researchers
indepencently developed models to explain how the longshore
current is generated and what accounts for its cross-stream
(shore-normal) profile. Fach postulated that the main forcing
for this current is the obligque approach of a long~crestead
brealzing weve front. The steady state balance was taken to be
between the shore-normal gradient of the component of excess
momentum flux (radiation stress) parallel to shore and retarding
bottom and lateral friction. Bowen used a bottom friction term
proportional to the longshore current, v, and a constant hori-
zontal eddy viscosity coefficient. Thornton and Longuet-Higgins
derived expressions for the bottom stress and lateral coupling
terms which differ from Bowen's and vhich are more plausible
physically. They showed that the bottom frictien is proportional
tc the product uv where u is the amplitude of the local orbitel
velcocity perpendicular to the shoreline. The eddy coefficiesnt
was acsigned an oiffshore dependence, tending tc zero at the shorce
and increasing monotonically toward the breaker line, where
marximum mixing is to be expected. In Thornton's model the miwing
coefficient was allowed to realicstically decay secaward of «io

breaker line, whereas irn Longuet-Iig~ins' model it increascs
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numerically; Bowen and Longuet-Higgins obtained analytical
solutions. The longshore current profiles in each study were
supported by the available data, such as the laboratory results
of Galvin and Eagleson (1963).

For our purposes the equations of Longuet-Higgins seem
the most appropriate because of the physical bases for his
derivation and the ease of applying his results. To be specific,
his expression for the longshore current as a function of the
non-dimensional offshore coordinate, x* = x/xb (modified slightly
by inverting the x-axis so as to have a positive depth gradient)

is

v?’ . .
. Kx"sing, 2K x"sind, o< x*<1
Pl7-7:.)(51) (5P-2)
(1)
?
- Ex** 1< xT < oo
P(p-p)pm1)
where Xy = width of surf zone
- 5ma 1/2° 1/2 3/2
K 8 c g xb S
@ = ratio between the wave amplitude and the local mean
depti in the surf zone, =0.4
C = bottom stress coefficient =0.01
g = gravitational constant

s = beach slope = tan B, where B is the beach angle
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characteristic length taken to be the horizontal
coordinate, x, i.e.,
/: ;/\/X(j/‘)l/z

where h is the local depth. N is dependent on the level

of turbulence in the water, a reasonable range based on

field measurements (Inman, et al, 1971) being 0<N<0.05.
If the condition of small ¢b is relaxed (as it must be for any
practical study) then the expressions in (1) are multiplied by
cos ¢b' We will return to some of these points later as they
affect our model.

The merit of Longuet-Higgins' model is that it removes
much of the previous dependence on empiricism. Battjes (1972)
and Earle (1974) have extended Longuet-Higgins' analysis to
include a wave field characterized by a Rayleigh wave amplitude
distribution.

Under special circumstances non-uniformities of the wave
field in the longshore direction can produce non-negligible
gradients in the radiation stress at the breaker line and force
a longshore current. O'Rourke and LeBlond (1972) have studied
the nature of these additional functions in the setting of an
idealized semi-circular bay and concluded that, whereas the stress
due to the obliqueness of long-crested waves is dominant, the
contribution made by a longshore modulation in the wave height
can be significant, with a longshore variation in the angle of

wave incidence playing a minor role. LeBlond (1972) has expanded
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Sn Longuet-Higgins' (1970b) analytical expressions for a long-
=more current to take into account all three types of drive.

The cuantities of interest to us are the volume transport
rates of the longshore current and its sediment load. We assume
nat the major portion of this transport is confined tc the sur®
zcne. OQutside the turbulent wave breaking region the wave-
induced bottom stresses exerted on the sand grains decrease
rapicdliy as does the mean (longshore) current (Thornton, 1969).
we expect, therefore, for the sediment transport rate to decav
rzpidly szavward of the breaXer line. Furthermore, Longuet-Higgins'
formulation tends to overestimate the magnitude of lateral friction
in the ?eaward zone (due to the artificially high mixing coef-
ficient} as well as the role of bottom friction (since shallow
water ébeory magnifies the true orbital velocities in this
regiong: Multiplying (1) by x* and cos ¢g and integrating

ecross the surf zone, 0<x*<1, we get for the volume of water
transported per unit time
4 > /

= 1/ S\'.;; /\S‘L 29 = ?
V = % .AL. L n & cé z(sP-2) (2*7—)(7’,“’)\}%' ;97

—
(3]
~

i
Fh

» as with LeBlond (1972), we assume that the volume transport

C
th

sanc which accompanies this longshore flow is simply a fraction

}

pJ
(4

4]

total water transport then we have

o=

il
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The determination of T in terms of meaningful physical guantities

measured in the laboratory and field is discussed in section III.

2. Shoreline Movement

There is no rigid boundary separating the beach from the
ocean. Where they meet at any moment defines the instantaneous
shoreline. A function of space and time this line undulates in
response to wave run-up, the presence of edge waves, wind and
wave-induced set-up, the tidal cycle, surge, etc. For our pur-
poses we consider it to be the mean water level with respect to
the local tidal conditions. Mathematically at any time, t, this

line can be described by an equation of the form (see Figure 2)
—
F_()’o)‘;t)=o (4)

We can establish the following relations for the local normal,

A, and tangential, t, unit vectors:

- JFA JFA
f. TE . _gxtxt oyl
" WwET /a:)z*ﬁ‘ 27 72 (5)
] (ox/ (o
and since H and t are orthogonal (A -« & = 0)
IF A JF A



shareline

Figure 2. ‘Definition of relation between fixed and local

coordinate systems.
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The movemant of the shoreline normal to itself will be
a fuaction of ota che magnitude and the longsaore variapility
of the littoral drift. Ths beach will prograde if more sand
is deposited in an area than removed ovar some time interval
and will retreat if the sand extracted exceeds that supplied.
In other words, local erosion ané accretion depend on the sign
of the longshore divergence of the sand transport; this quantity

. . - . -—
is expressed in terms of the longsihore coordinate, y, as

2 . {.yg = L OX Y Jy
=7 i /IF )2, "'i/‘—)a 77z (7)
I !\d.l’/‘( \J _j

The displacement of tne shoreline in the x-direction
dépends solely on the variation of 9 in the y-direction and any
displacement in the y-direction depends only on the x—componént
5?-. Jith reference to the right-hand coordinate system of

Figure 2 we see taat the projection of 39 on the y axis is

=

given by
oIF ; Ja !
s A dQ_ _ J_C-; - ;—Y_ o o
{ - Py T ces 8 f = 7 o~
A t Ly) /a"y / /JJ / ,/ .":,_Flz ti_Fl‘zlll/Z, / J] / (8)
[Lox/ Moy /
and its x-component resolution is
. _IF
rEoa \/'%.Q‘ = -sgke/i:?/= 4
(T oy Y IR o (9)
AR ( y/ ,"

where 0is positive counterclockwise.
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Therefore we can express the temporal change in the

horizontal coordinates of any beach point (y,x) as a balance

- N IF G JF
ax o & - 1) - — _.""_‘; il O’Q
— o« =~ oS €© — = 3 -
ot V()RR ChEan) (10)
723 9] ’
F, ' F
Dwosine 53 s 20y (-de, 2fle
Jt Yy ( Joex  ax ay (11)

We follow the approach of LeBlond (1972) and cast (10) and (11)
into forms more appropriate for application to arbitrarily-shaped
shorelines. Referring to the vertical cross-section of the
plane-sloping beach in Figure 3 it is assumed that the profile
remains unchanged iq time, i.e., the slope at a particular point
along the beach is constant. 1In response to erosion or accretion
the entire profile shifts laterally inward or outward, respec-
tively. This is a convenience and implies that either: (1) The
distribution of sand transport capacity across the surf zone is
such as to maintain the profile, or (2) there may be a smoothing
effect nérmal to shore due to waves re-working the sediment into
an 'equilibrium' profile. Neither of these hypothesized factors
is considered explicitly here. The amount of sand gained or

lost is proportional to the area of the parallelogram EFGH.

'D' represents the depth beyond which there is little or no sand
transport (in this study, D is the depth at which waves begin to
break). The initial plan shape of the beach is specified by a

set of discrete points (see Pigure 4) whose movement in the



Erosion of o Leackh

Figure 3. Cross-scctional profile of lateral movement of a beach

point.
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Figurc 4. Representation of strandline in LeBlond (1972).
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horizontal plane 1is determined by the net amount of sediment
transported into or out of the control volumes. These control
volumes are bounded at the mcan shoreline by line seéments
joining adjacent beach points, by the plane-sloping bottom, and
Dy a line parallel to shore at an offshore depth, D. A simole
continuity equation relates the translation of'the beach points,
normal to the local shoreline, to the longshore divergence of

sand transport, i.e.,

2R X
— +P — =0 (12)
Jy JT

In terms of the fixed coordinate system (y,x) and in

view of (10) and (11), (12) becomes

5t Y (13a)
2L sino g
it I (13b)

where D is a function of position along the beach, i.e., D = D(J)
[Note: There is a typograpiical error in LeBlond's (1972) equation
14b.] Equation (13) is valid for a right-hand coordinate system
withh 6 positive counterclockwise or a left-hand coordinate system
with 8 positive clockwise.

It is obvious that there will be seaward discharges of
water and sediment (e.g., in rip currents) interrupting the
longshore flow. In a strict 'control volume' approach these trans-

ports have to be accounted for to satisfy mass balancas. We are



18

assuming that on large spatial and time scales their contri-

bution is minor.
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III. Longshore Transport of Sediment

In and near the surf zone the waves provide a large
part of the stress required to dislodge sand particles and make
them available for transport by the mean currents. There are
two modes of sediment movement which can result, 'suspended’
transport or 'bedload' transport. Suspension of sand particles
in the fluid column can occur in response to the turbulent
action of the breaking waves and the presence of a small cur-
rent is sufficient to advect these sand grains. 'Bedload'
motion is the creep of sedimesnt particles in constant or
intermittent contact with the bed and requires a threshold
shear stress to overcome static friction and initiate motion.
The dominance of one mode over the other is largely dependent
on incident wave type and to a smaller extent on the sand
characteristics. Suspended material is more likely to be
associated with plunging breakers whereas bedload movement
often predominates when the breakers are spilling or surging.
Spilling breakers invariably occur when large waves break on
a mild slope. As the incident wave height decreases and/or
the beach slope increases in a continuous fashion the spilling
breaker evolves successively into a plunging, collapsing, and
surging breaker. Galvin (1972) has provided both descriptive
and parametrié classifications for these breaker types. The
transition in the direction spilling»plunging+collaspsing~
surging is an inverse function of the deep-water wave steepness

(or breaker height) and a direct function of the beach slope.
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For some time it has been recognized that a parameter
critical to the question of whether sand is moved onshore or
offshore (resulting in a 'summer-swell' profile or a 'winter-storm'
profile, respectively) is the deep-water wave steepness, Ho/Lo
where Ho is the deep-water wave height and Lo is the deep-
water wavelength. Laboratory experiments by Johnson (1949),
Rector (1954), Scott (1954), Saville (1959) point to a value of
Ho/Lo = 0.025 as marking the transition between winter and
summer profiles. Values greater than this correspond to erosion
and values less than this to deposition, although this is not
a stringent rule. Saville's (1950) experiments suggest that
the suspended mode of sand transport dominates over the bedload
mode for large wave steepness and that this relation is
reversed when the wave steepness is low. However, it cannot
be stated that there exists general agreement as to which mode
is predominant in the surf zone.

Presently there are no definitive experimental studies
relating deep-water wave steepness and breaker type to the sand
transport mode and its direction.

We are restricting our attention to the littoral drift
component. Dean (1973) has formulated a relation between the
longshore transpbrt of suspended material and the longshore
component of energy flux. By assuming that a fraction (empiriéal)
of the energy flux is consumed by the falling sand grains,
determining a volumetric suspended concentration and using

Longuet-Higgins' (1970a) expression for the average longshore
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velocity he obtains

.- ] .’l:' ;
G o= e (Cys, 0oy row )i Teond by (14)

where Q0 = volume transport rate of sand

Cp = bottom drag coefficient

s = beach slope
PgrPy, = density of sand and water respectively
w = fall velocity of sand grains which is a function

of grain diameter
Hb = wave height at breaking
¢b = wave angle at breaking
E_. = longshore flux of wave energy = C, E, sin ¢
Jp P b
where Eb is the wave energy density and Cgb the

group velocity at the breaker line.

In contrast, by considering only bedload motion, Komar
and Inman (1970) followed Inman and Bagnold (1963) and expressed
the longshore transport rate as an immersed weight transport,

IQ,
; = I/ P = T
"‘j \ ‘5 S (JN

)?“a (15)

where g = gravitational constant

a correction factor for pore space

Laboratory and field studies indicated that Iz could be set
proportional to the product F\bcb where Fb = lateral wave thrust
at breaker line = i? sin 2¢b (see Longuet-Higgins (1972));’

c = phase velocity at breaker line, i.e.,

WA ﬁ( F: c. (16)

¢ ol Tl
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where Ko is the empirically determined non-dimensional constant

of proportionality. If we re-arrange (15) we get an exoression

for Q

Q= AL

b

93 ) 17
(,rs{.’..,.)g (17)
If we expand equations (14) and (17) and use the

theoretical-empirical breaking criterion
/- /
H, = & a, (18)
where hb = breaking depth
Yy = 0.8
we obtain, respectively,
-~ 3 .
Q -Gl(CD’SJ e‘)fwzw/?"x)Hb S“Vzﬂ‘ (19)
S/2

and Q = Gz(ﬁs,Fw,j'f,“)HL Stn2¢é (20)

.

Equation (19) in comparison to (20) contains the additional
parametric dependencies on Cps S and w and therefore offers the
possibility of modeling the effect of these parameters. There
is also to be noted the difference in the exponents of Hy. It
is instructive to compare the expression for 0 given in

section II, equation (3), with the above results. Equation (3)

can be re-written as

. 577&;2"“ 5/2
Q' IQC J/S/z_ TYJHL S":Zﬁé (21)
14
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where

, Oz /
= e N
” f 3(52-2)  Plpezlipm)ppe)

s

We note that the functional dependence on the breaker height,

Hb’ and angle of breaking, ¢b’ is the same in (29) and (21).
Furthermore, the product Fcys contained in (20), is the quantity
against which many laboratory and field observations are taken
(see Shore Protection Manual Vol. 1, U.S. Army Coastal
Engineering Research Center, 1973). Equating (20) and (21) we

obtain an expression for our unknown proportionality coefficient,

T, i.e.,
2
7— - CDX Fw ko
5% o W(fs-/a,.)a (22)

If we insert typical values

¢y = 0.01

Ko = 0.5 (see Das (1972))

P = 1.02 g/cm3

p. = 2.65 g/cm3 (quartz)
a = 0.6 (packed sand)

Yy = -0.2 corresponding to P = 0.13

we get T = -0.0026. Physically this means that for each cubic
meter of water transported across a plane perpendicular to the
shofeline 0.0026 cubic meters of sand will accompany it. There
is considerable scatter in the data and, therefore, in the

astimates of KO. leasurements have bzen made Ly various means
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under a variety of test conditions (e.qg., differing wave spectra,
beach bathymetry, duration of record, instrumentation, in-
terpretation, etc.). Das (1971. 1972) has described several of
the methods employea in the lab and field for determining.the
rate of sediment transport and summarized much of the data on
Ko. Noda (1371) has reviewed the techniques presently available
for measuring littoral drift in the field.

In view of thne order-of-magnitude uncertainty in the
value of Ko we treat this quantity as a control variable subject
to adjustment over a reasonable range. It seems unlikely that
Ko will assume a single value appropriate for all beaches since

there are beach parameters (such as w in (19)) whose significance
g

has not been guaged.

IV. Stability Analysis of Governing Equations

It is customary and worthwhile to determine if one's
working eguations are subject to any intrinsic instabilities
for some range of the parameters involved. If the instabilities
of the analytic form of the equations can be identified, then,
spurious results appearing in their numerical integration can
be labeled and/or avoided. We consider, again, equations (13)
in the coordinate system defined in Figure 4. To avoid unneces-
sary and lengthy computations we postulate that the original
(unperturbsd) shoreline is straight and lies parallel with the
horizontal axis. By superposing small perturbations on this

configuration and examining under what conditions these
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disturbances grow, decay, or remain unchanged we can determine
winen our equations will behave peculiarly, i.e., admit
oscillatory solutions that "blow up".

We express Q, the transport rate, as

Q= puin(@-e)es(4-9) (23)

where B contains implicitly all empirical constants as well as

the functional form of Hb which is assumed independent of the

longshore coordinate; ¢°—6 = ¢b where ¢o is some constant initial

value for ¢, adjusted due to changes in beach orientation (6).
b

Upon expansion this becomes
Q = ¢ (sn 8,06 - o2 @ sin8)(cnBers & simBsin®)

(24)
We note that (see Figure 2)
C-i—x = s':’le (25)
4y
and
dy
dy
so that we can write the longshore derivative of Q as
I IT —
— ‘ﬁ(T. =+, 'J-_-T‘ ) (27)
where
= },’i ﬂ - COS‘S(f i{
7,- h¢a C(‘-:\ s 0(7 {(28)
, dx
7, 7 57 Ao Seng = (29)
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’ P
Now, let y be a function of the original (t =

(linear) and the time

y (st

length 's! 't', i.e.,

?:

Then we can evaluate the derivatives in (27 ) as

Ix . 95, oy . IY/is
ATV ’ 95 95/ us
and - 2 ax P
J - o
. BT 53 Ysk
a2 -
9 (")//a s ) 3
:’2 < 3o 10" y/gz S A ‘?l/e’s
- A T
Jy (J%45)3

In view of the following relations

- ) e Y2
iss [ (s )+ Yo )* ]

T o ¥
SR Fas, ® Vocr + H ¢ Vfyen
JSOZ' "’j/ag
we can rewrite (30) and (31) as
2 /s, Sy /s,
ST e e P ) ~Z =
j {— 2.- U Aj; ,,)_2( e Jv 2
( 4/ )] /f(d%/ r‘(;i) :
4 [+]

J) arc
(30)
(31)
(32)
(33)
e (34)



and ‘ J
. ) - ‘_’.l\’ ___}l ! J
PN ) AR )~_. e W5, 95, /0’5_'"
S [, 98y /. = 12
f ENNE
{. ¢ 75 J
(35)
2 Jx, 2 iy, - dy dx Jix
o]_j ( A’S ]’J'-Z' J5, IS5, AS:’
- 2
Jj 2 2
[ 2)" ]
Our original governing equations (13a), (13b) become
9_)_’(- _ °">’/as ’ J&L
Jt 9 gy 2] o (36)
P[( \j‘sy)] vy
2. s, JQ
Jt -f"\m > (37)
PG ] 07 -
where 3Q/37 is defined by (27), (28), (29), (34) and (35).
We now introduce expansions of the form
x(s,,t)= ex(st) * e2x,(5.t) * ...
y(s,t)= 5+ €y (s, T)¢ g2y, (s, t)+ ... (38)
and establish the following relations valid to 0(g)
JS.Q o o Q (39)
ahx ¢ I 2y L th
3t Js* ss,? Js,®
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Substituting (39) into the x eguation, (36), we obtain

X, _ 1+ & Vjs,

¢ S0 ' r sin g (1+€ i!ﬂ) -
Jt Y, 29Xy rdy (2 3 } [ ¢ .
z{/,tzed_;of“/(“c) ,‘(_J)U 7,

ds;l
e coad, s [ con 8 (0(e terijresind * oz ]+
[w;zﬁo (/*é ",y'/aso)+/:s£m;zf'a Jx%;;p][sémq (o(e?) 7‘”,..) _

6C¢O¢¢° sz'/:)s-z. ] } (40)

The 0(c) equation extracted is

axl __[S':”‘Z¢O-Mz¢°j é_i_xl

—

Jt D ng
or
o, -(1-2w?@ ) Jix,
Jt ? Js,* (41)

This is of the form of a one-dimensional heat (diffusion) equation
which is a well-studied linear second-order partial differential
equation. A fundamental property of this equation is that initial
value information can only be propagated in one direction, i.e.,

it is not possible to integrate this equation backwards in time

to determine the initial distribution of Xq - For this reason the
coefficient on the right-hand side of (41) must always be positive.
We identify the regions of stability and instability according

to

[ @, | <4s°  -(1-2ee®g) 2 0 stabilid,

g, NS ARbe ¢! (-—)
< .‘S . f / A:)

/
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Thus, for breaker angles greater than +45° the shoreline will

be unstabnle to perturbations of all wavelengths and will undergo
oscillations of increasing amplitude. This has been confirmed
numerically. A small disturbance of arbitrary wavelength is
imposed on an initially straight beach such that ¢b assumes values
greater than #45°. It is found that the shoreline is stable to
the disturbance if ¢b does not exceed +45° and is unstable
otherwise.

It is interesting to speculate whether such an instability
occurs in the field. Bowen (personal communication) has noted
that wind-generated waves in small lakes can break on the beach
at very acute angles and cause the shoreline to deform in a wave-
like manner, i.e., be responsible for periodically spaced shore-
line protuberances. Aerial photographs of coastal areas
frequently show undulations of the shoreline with definite
wavelengths. However, Dolan (1970,71) and Vincent (1973) have
correlated the existence of these meanders with inner and outer
submarine bar rhythms. These bar systems may represent in
themselves an instability of the submarine bed to longshore
currents as suggested by Sonu (1972) and theorized by Barcilon
and Léu (1973).

In our model we exclude angles, ¢b’ which fall within the
unstable range of (42). It is conceivable that a second-order
term in Q added to the right-hand side of (36) and (37) might
damp the growing oscillation. However, the physical justifi-

cation of such an "artificial viscosity” term is not clear. The
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omission of |¢b]>45° is not considered serious. It is usually
true, especially for swell waves on nild slopes, that refraction
will limit the breaking angle to the stable regime. This may
not be the case for local sea on steep slopes. An analysis of
our study results indicates that over 95% of the ¢b's generated

satisfied the stability criterion.

V. Finite Difference Form of Equations

We wish to express our governing equations in a form
appropriate for numerical integration. Equations (13a) and
(13b) are discretized according to LeBlond (1972) as

X.M" " = - m@ ( Qj' QJ" )

4 4 , IE 45/2. (43a)

yroyn . Sefy ( Q-4 )
4 P It - 4b./2
4 (43b)

where the superscript n denotes the time level and the subscript j
the space level. Referring to Figure (4) we make the following
comments: |

1. ej is the orientation of the beach segment, j, in

the fixed coordinate system (y,x). The 6's, of course, are

altered as the beach points migrate.
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2. Bj is the 'effective' (averaged) angle at a point, j,

given oy ) (9- " 6--,)
. é}' - .
3. Aj is the sum of the distances between point j and
adjacent points j-1 and j+1l, i.e., y
2 2 2] 72
o+ [ x 2o C 15 [0 ()]
4. The transports Q are evaluated at mid-segment points
and are characteristic of a segment (not a point).
At endpoints these definitions of 8, A, and Q need to be modified.
The general class of integration schemes we adopt is
'predictor-corrector'. A predictor-corrector method represents
an iterative approximation to a fully implicit scheme.
Kurihara (1965), Ii;ly(1965), and Baer and Simons (1970) have
discussed the performance (e.g., stability, conservation
properties, accuracy, phase errors, etc.) of several of the
more widely uséd predictor-corrector schemes (leapfrog-trape-
zoidal, Adams-Moulton, Milne). The advantage of such multi-
step methods lies in their ease of application and speed
(provided the proper step size, At, is chosen). We employ
Hamming's (1962) predictor-corrector method which consists of
the fourth-order Milne predictor and Hamming corrector. The
Hamming corrector is favored over more traditional correctorsr
(Milne, Moulton) because it exhibits stronger stability,

although at the price of an increase in the magnitude of the

truncation error.
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net n-3 4 S G n-=

Predictor: z = Z + = (Lf £z f ) (44)
" G _n_ ./' n-z éAf . mre n_ fn—/

Corrector: 2" = TEF £ "3 (f £/ '/ (45)

where z = (y,x) and f represents the right-hand side of (43a,b).

It is obvious that, in addition to. the initial datum, 3 wvalues

of z and the corresponding f's are required at the n-1, n-2,

and n-3 time levels. Since these are not available a special
method is required to generate them. We revert to a numerical
method based on a Lagrangian interpolation formula (Ralston, 1965,

P. 191) which yields estimates for 21125123, given Zgy» nanely

.t . .
Z, = Zg;%(?{)* "”’,’51‘2”‘3) (46)
z,: Zo;f ﬂ;{t j;*‘ff/*’cz) (47)
7(
e %(34*7’5*%(2*3?) (48)
3 o

The error term is O(Ats). Ve guess values for 21125123, calculate
the corresponding fl'fZ’fB and use (46), (47), and (48) to com-
pute new values of Z)1250s23- This procedure is then iterated to
convergence. (An alternative method for furnishing starting values
is the Runge-Kutta scheme) Ralston (1965) has provided a careful
analysis of the properties of predictor-corrector methods as well
as their merit in relation to other schemes.

The step size, At, must satisy several criteria. 1In a

physical sense it is controlled by the spatial increment ij
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(the distance between neighboring beach points) and by the
average speed of the sand particles, Ve (a function of the long-
shore current strength and the grain characteristics). Linear

computational stability requires that
at £ 8§,/ (49)

A rough estimate for v_ can be had by noting that the triangular

s
wedge through which the longshore current flows has a cross-
sectional area of 1/2 D% and therefore the sand transport

rate equals
sx, vy /2

Equating this to (3) we obtain
v, - 2TV/sx* (50)

A more rigorous requirement than (49) is that the increment,
At, be small enough to meet the convergence condition on the
corrector equation, (45), preferably small enough so as to
achieve convergence in one or two interations; it must also be
sufficiently small to satisfy any restrictions on the magnitude
of the local truncation error which is given approximately by

(Ralston, p. 189)

9 Q
= ——(Z -2
a m( i "y (51)
le] . .
where Z o+l is the predicted value and Z 41 the corrected value.

In addition, the step size should be large enough so that round-
off errors and the number of derivative evaluations is minimized;

otherwise, the multi-step method loses its chief advantage,
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namely, speed. Ideally one would like to adjust At so that
only one application of the corrector equation is necessary.
Equation (51) is helpful in two ways: 1. knowledge of e, as
the integration proceeds, can suggest in which direction At
should be adjusted for efficiency; 2. € can be used to actually
modify the solution of the corrector equation. The proper
choice of the step size is a function of the geometry of a beach

site and the incident wave energy levels.




VI. Computer Program

Structure

The program is divided into 11 sections—a core and ten

subroutines.

part:

We note below the designation and function of each

Main Program

a.
b.
c.
d.

Read input parameters (which run program)
Establish shoreline

Call working subroutines

Execute Hamming predictor-corrector (repeat)

Subroutine EMPIRCL

a.

b.

Set value of constants appearing in expression for
longshore current

Compute coefficient, T, the ratio between the sand
and water transport rates

Subroutine ADJUST

a.

b.

Read in values of breaker height, angle, and dura-
tion (fractional) of a particular wave type for
each beach segment; compute transport rates

We expect the angle of wave attack to change as
the beach orientation is altered. An 'adjustment”
angle, the difference between the old and new beach
angles, is added to the original ¢p and a revised
transport figure is calculated. This is done at
time intervals chosen by the user. Any accompany-
ing refractive modification of wave height is
considered secondary and is neglected.

Subroutine INITL

Generate all necessary starting values for use by the
Hamming scheme as outlined in section V.

Subroutine DERIV

a.

b.

Given the beach coordinates compute the beach seg-
ment angles and the spacing between adjacent points.
Given the volume transport rates of sand along the
beach compute the incremental change in position of
each beach point over a time interval, At. A Fortran
ENTRY statement links DERIV with that part of sub-
routine ADJUST that re-computes the incident angles
on some regular basis because of the re-shaping of
the shoreline.

Subroutine AREA

a.

The surface area of the beach is an important
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quantity. 1Its change can be monitored by computing
the areal difference between two successive strand-
lines. 1In Figure 4a the calculation is straightfor-
ward since the y coordinate of each endpoint remains
constant. Figure 4b represents the more general
case wherein the endpoints are allowed to move
freely. A rough estimate of the net areal change
(additions due to accretion minus depletions due
to erosion) can be had in the following way: (i)
connect the endpoints A, B and E, F as shown, (ii)
compute area under curyes AF and BE (summations
over a series of trapezoids); these are the exact
areas under a discrete beach which is itself an
approximation to the real strandline, (iii) compute
the areas of trapezoids ABCD and EFGH, (iv) sub-
tract the two numbers in (ii) and, then, from this
result subtract the areas computed in (iii); this
number represents crudely the increase or decrease
in beach area. 1If the positive or negative con-
tribution near an endpoint is desired we can esti-
mate this at the left end to be ABA' where A' is
the point on curve AF at which a line dropped from
B parallel to the vertical axis intersects. The
X coordinate of point A' is determined by linearly
interpolating between the beach points on either
side. The area, then, is just the area under AA'
minus the area ABCD. Similarly, the area EFE' can
be computed.

b. Approximate volumetric changes can be obtained by
multiplying the discrete trapezoidal areas by the
local value of Dp (see Figure 2).

7. Subroutine RESET

If, for some reason, it is desirable to have the spacing
between neighboring beach points more or less equal, it is possible
to reset the beach points to accomplish this. The circumstances
which might dictate this action are many: (i) a more rational con-
trol over the size of At would result; (ii) a few beach points may
be moving at an anomalous rate compared to their neighbors (e.gq.,
the point at the tip of a rapidly expanding spit); (iii) equal
increments might be more compatible with the longshore resolution
of the wave field, etc.

With reference to Figure 4c we shift only interior points;
endpoints must retain their positions if the beach shape is not to

be disturbed. All or only part of the shoreline can be reset.
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Over that portion of the beach which is to be re-defined the lengths
of the discrete longshore segments are summed over and divided by
the total number of segments to yield an "average" spatial incre-
ment. The first interior point is moved along the segment immediately
to its left (like a bead on a string) until the distance between it
and the fixed point on its left side is the "average" increment.
This interior point now becomes the fixed point for the next interior
point, i.e., the second interior point is moved along the line segé
ment joining it to the new fixed point until the distance between
them is, again, the average increment. (note: movement along these
segments can be forward or backward). This process is repeated
until the fixed point on the right hand side is reached (either
the right endpoint or the point defining the right boundary of that
portion of beach to be reset). Because the right boundary point is
not allowed to move this procedure must be iterated 4 or 5 times
before all the beach increments converge toward one value. This
method must be applied thoughtfully; otherwise, the resultant shore-
line may deviate too much from its former shape.
8. Subroutine RESULTS
Display results of computationsin print-out form
9. Subroutine PLOTTER
Use the Florida State University plotting package (Fortran
callable, calcomp-like routines) for displaying the shoreline evo-
‘lution graphically.
10. Subroutine ROTATE
Rotate the N-S, E-W axes if beach points are desired in a
new coordinate system. This is used for plotting purposes, i.e.,

to show direction of maximum beach change.
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1,INPUT, JUTPUT,TAPE

Subroutine ERROR
Calculate error between actual and predicted quantities.

Below we provide a listing of the program with accompanying
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VII. Apalachicola Bay

1. Nature of Inputs

St. George Island is part of a barrier island chain in
the Apalachicola Bay region of northwest Florida (see Figure 5).
Because of its location it is subject on the average to low-
to-moderate wave energy levels. Waves propagating from deep
water toward the island pass over a broad, shallow continental
shelf region and experience bottom friction damping, the degree
of which depends directly on the wave height and period
(equivalently, wavelength) i.e., the higher, longer waves are
attenuated more rapidly. The net energy loss can be substantial
when integrated over the total travel time from intermediate
depth water to the point of incipient breaking. Other means by
which energy can be subtracted from a‘wave train are the pre-
sence of adverse winds and shear currents, and non-linear wave-
wave interactions (including dissipation due to capillary waves).
In shallow water the wave energy density increases, competing
effectively against bottom friction to enhance the wave height
and induce breaking. An exception may occur on very mild slopes
where bottom damping is sufficient to extinguish the wave.
Depending upon the bathymetry, refraction and diffraction can
augment or reduce the local wave height.

Walton (1973) in a study on the distribution of littoral
drift along the entire Florida shoreline considered deep-water

wave data as his source of wave information and incorporated in
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his model the influences of bottom friction, shoaling and
refraction. We have chosen to utilize Walton's model on wave
modification in shallow water as the means by which we generate
the breaker data essential to our model, ¢b(§) and Hb(§), the
breaker angle and height as functions of longshore position.
We will not detail Walton's work, since he has provided a
‘thorough explanation of his methodology, but rather outline his
general approach and the changes we introduce.

The wave data source is the U.S. Naval Weather Service

Command, Summary of Synoptic Meterological Observations available

from the NOAA Environmental Data Service, National Climatic
Center, Asheville, N.C. These are shipboard observations of
meterological and sea conditions made by ships in passage. The
drawbacks inherent in such data are many (we shall not enumerate)
but they represent the best general compilation of marine data
at present. The record extends through the years 1865-1971 with
eighty percent of the observations occurring during the period
1954-1971. The pertinent annually averaged tables are Table 18,
which gives the percent frequency of wind direction versus sea
heights, and Table 19, which gives the percent frequency of wave
height versus wave period. Using these tables several bits of
information are computed. The frequency of occurrence of a wave
of a given height, period and direction of propagation is de-
termined and expressed as a fraction of the total time of record
and is subsequently adjusted according to the following formula:

the geographical oceanic region which is assumed to contribute
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waves to a specific coastal area is divided into "data squares";
this necessitates that data from adjacent squares be weighted.
Walton used 2°-4° data équares as shown in Figure 6 to blanket
the Florida coastline and linearly interpolated the wave climate
between adjacent squares. We chose a set of finer resolution 1°
squares in the Gulf of Mexico (Figure 7) because of the high
density of data in each square and the coverage of the Florida
Panhandle. Our method of weighting, somewhat different from
Walton's, is illustrated in Figure 8. A reference line is drawn
due south of St. George Island. Additional lines are drawn to
the center of each 1° square and the angle, §, between these lines
and the reference line is measured. A weighting term, d, with

respect to 62, is determined from the formula

dllei{%f-'=’ (52)

o=

where Bi = 28°, 8°, -17°, -36°, -51°, -58°, -64°, i = 1,7
so that 4 = 0.417. The individual weighting factors,
are then applied to each wave type in the respective squares to
ascertain the contribution from each square to the mean frequency
(the fraction of time over which a specific wave endures). At
this point a se£ of deep-water input data has been established.

The next step is to track each wave component into shore
monitoring its change in direction due to refraction and its
change in amplitude due to shoaling, refraction, bottom friction
and percolation through the sand grains. Walton's numerical

model to accomplish this has the following structure:
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1. The orientation of the wave fronts as they approach
shore is computed using Snell's law of refraction for a botton
topography composed of straight and parallel bottom contours.

The refraction and shoaling coefficients are calculated con-
comitantly.

2. The computation of the coefficients of bottom friction
and percolation follows the work of Bretschneider and Reid (1954).
Required inputs are the lengths and slopes of a series of bottom
sections comprising a bottom profile normal to the stretch of
shoreline being considered (rather than the true profile over
which the waves pass). In our model we consider seven profiles
coincident with the seven lines in Figure 8 and weight the
results in the same manner as before.

The product of these calculations is the bréaker height,
the breaker angle and the fractional duration of each deep-water
wave type for a segment of beach. Repeating this process for
each beach segment of interest we obtain a longshore distribu-
tion of breaker heights and angles, each of these quantities
contributing independently to the magnitude of the longshore
current, e.g., a decreasing angle of incidence longshore could
be offset by an increasing wave height and vice-versa. The
reader is referred to Walton (1973) for a more complete discus-
sion of the assumptions, approximations and limitations under-
lying the above data reduction and analyses.

The application of our numerical model requires that we

discretize the strandline in a coordinate system established
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with reference to some semi-permanent landmark. A feature which
is present on all the bathymetric sheets of the U.S. Hydrographic
Office that we have used (which provide us Qith a progressive
history of the St. George shoreline) is the St. George light-
house on Cape St. George (see Figure 5). Stapor (1971) has
indicated that the lighthouse, constructed in 1847, has a margin
of error associated with its position on the charts which falls
within accepted map standards. The lighthouse is the origin of
our coordinate system which, for convenience, has its ordinate
running due north and its abscissa due east. The shoreline of
1873 as depicted on smooth sheet No. 1184 is divided into 57
segments; the northwest tip of the island is beach point 1, the
northeast tip beach point 58. The points are irreéulé?ly
spaced, being packed moré closely where the beach exhibits

large horizontal curvature; the maximum spatial increment is

840 m (in the mildly concave middle section), the minimum about
320 m (in the area of Cape St. George). Resolving‘each beach
point into vertical (x) and horizontal (y) coordinates, the
separation between points and the angular orientation of each
segment is straightforward to calculate. This information, when
fed into the wave modification program previously discussed,
ultimately determines the longshore variation of breaker height
and angle. Supplementary information on the Apalachicola Bay
region is provided by smooth sheets H1265 (1974), H5794-5 (1935),

H5819 (1935), 2265 (1896), 6788 (1943). The 1873 strandline
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serves as the baseline for the predictive model. If the
present (circa 1970) strandline can be generated, even
qualitatively, then the model could be used, albeit cautiously,

for future projections.

2. Long-time Integration of Predictive Equations

The integration of (43a,b), as they apply to Stf'George
Island, cannot be accomplished blindly. One must be aware of
any special features that contribute to the dynamic balance of
the island.

St. George Island in 1873 was composed of three parts
separated by two hurricane-cut inlets (the bay side of the island
is marked by hurricare washover deposits). 1In Figure 9 is a
schematic diagram -identifying the major sections and the inlets;
The stability of tidal inlets is a complex problem which we do
not treat here (see O'Brien and Dean, 1972; Dean and Walton, 1975).
The littoral drift past an inlet can be interrupted and sangd
deposited, leading to closure of the inlet. The question of
closure rests on knowledge of the inlet cross-sectional area,
the tidal velocities, the wave climate, the magnitude of bottom
and side friction and the level of littoral drift. We assume
that the rate of sediment transport across the inlet is reduced
relative to its upstream value by some fraction. Since Sand Island
Pass and New Inlet Pass both eventually close, an estimate of the
volume of material contained in these inlets, the period over which
closure progresses (assumed to be unidirectional) and an average
upstream littoral drift rate can vield a value for this fraction.

An alternative method for determining the rate at which the longshore
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drift is trapped in the vicinity of an inlet is to obtain an inde-
pendent measure of the growth rate of the shoals insideand outside
the channel. In the absence of such information we simply assume
that the transport rate across the mouth of the inlets is the
average of the upstream and downstream values. This is an unwar-
ranted assumption if the inlet does not bypass a substantial por-
tion of the longshore sediment load for, then, the downstream
shore is likely to be cut back due to sand deprivation.

Due south of Cape St. George is an extensive series of
shoals projecting some 8 kilometers into the Gulf of Mexico. These
shoals are focus areas for incoming wave energy and, consequently,
the breaker energy expended on the shore to move sediment is re-
duced. This submarine relief will attenuate, re-direct, or even
block waves propagating toward the Cape. We expect that the level
of wave activity in the vicinity of the Cape, as computed previously,;
will tend to be an overestimate, at least, in relation to the energy
levels at contiguous portions of the beach. We, therefore, reduce
the energy input to this region, due to waves from the south and
southwest, by about 25%; this figufe is arrived at by considering
the degree of wave damping over this special bottom relief and the
percentage of waves that are likely to break far from shore.

Off the northwest tip of Sand Island is a rather permanent
shallow, submafine feature, the East Bank. The tidal ebb flow
through West Pass has transported local material seaward and the
wave levels have been too low to reverse this trend and confine
the sediment to the littoral zone. This shoal, which sweeps to
the south and west, almost attaches itself to the shoreline. With

the Cape St. George Shoals intercepting waves from the southeast
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and the East Bank doing the same for waves from the southwest, 1t
is anticipated that the levels and periods of wave activity in the
area of Sand Island will be diminished compared to those values
computed in disregard of these prominent shoals. As before, we
reduce the transport figures, accordingly. In addition, much of
the longshore drift toward West Pass is likely to be diverted to
the East Bank by tidal currents in the presence of low incident
wave levels, i.e., only small quantities of sand will be deposited
at the tip of Sand Island. This situation will prescribe the boun-
dary condition at the northwest end of St. George Island in our
model.

It should be noted that there is an overall bias toward
low wave energy in this study. Since ships tend to avoid bad
weather our deep-water wave observations are on the low side.
Also, major storms,‘such as hurricanes, can cause rapid and marked
fluctuations in a beach system. We are presuming that over a long
period (e.g., greater than 50 years) there is a "smoothing" effect
that works to reverse sudden and violent changes, i.e., a shore-
line responds to long-term forcings (e.g., hurricane breaches in
a barrier island on a tidal sea are usually repaired on a relatively
short time scale).

To be specific, the integration of the governing equations
for St. George Island over the period 1873-1970 was carried
out according to the following procedure:

1. The wave characteristics at the breaker line (height,
angle, fraction of a year over which a particular wave acts), as

generated by Walton's program, serve as input to our model. A
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cumulative frequency of occurrence of all waves yields the time,
expressed as a fraction of a year, during which onshore waves
are expected, e.g., for st. George Island it was found that
on-shore (breaking) waves are present about half the time, the
exact number being 0.51. Thus over a 98 year interval relatively
calm periods prevailed for approximately 48 years. The sets

of breaker data are inserted in random order into the model to
compute the forcing function for the longshore motions. Equations
(23a,b) are integrated for a number of time steps equivalent to
1l year. This process is repeated for as many years as desired,
i.e., one year does not differ from any other year inasmuch as
the deep-water wave climate remains unchanged (although the
breaker angles do change in responsé to the evolving beach
shape) .

2. In (24a,b) it is found by trial that choosing a
step size of At = 50 hours and applying the corrector twice is
the most efficient compromise, i;e., the truncation error is
kept small and the integration proceeds fairly rapidly.

3. As mentioned in section V special care must be taken
at endpoints. We see in Figure 4 that for point Je Qj—l’ Bj
and Aj must be defined differently than the same quantities as
they apply to the interior points. By "endpoints" we mean those
points at the extremities at or near which the longshore trans-
port approaches zero (i.e., Q = 0). This definition is offered
in lieu of more detailed information about the tidal, wave, and

current dynamics in these areas. A more formal consideration
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of the sediment flux at the tips of St. George Island would
entail finer wave refraction and diffraction computations, a
knowledge of the magnitude of the tidal streams and of the
leakage of sand from the island to offshore shoals. By refer-
ring to the boat sheets and noting where the shoreline begins
to curve inward away from the predominant wave direction we
choose the endpoint positions and measure manually the effective
beach angles, B, at these points. These angles are important
in that they determine the direction in which the ends pro-
grade or recede; they are adjusted as the integration proceeds.
The initial B at the northeast tip of the island is 27 /3 (radians),
at the northwest tip it is 37/2. The endpoint 4 is twice the
distance between the endpoint and its neighboring point.

4. Other parameters in the model assume the following
values:

K, = 0.4

N = 0.05
It was found that the magnitude of the sand transport was not
particularly sensitive to variations in N.

Results are displayed in Figures 10-15. St. George
Island is viewed in 3 sections: 1) the Cape St. George region,
2) the long, arc-like middle section, and 3) the elongating
northeast tip. bSapporting evidence is provided by Stapor (1971)
who determined the areas of erosion and accretion for shorelines

in the Apalachicola Bay region. He considered the redistribution

of the bathymetric contours to be indicative of the direction and
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and volume of sediment transport. By subtracting isobaths as
given on old and new boat sheets and contouring the results
Stapor was able to compute and approximate sahd budget for
St. George Island and adjacent areas over a 70-80 year period.

The salient differences between the actual plan profiles
of 1970 and those of 1873 (Figures 10,12,14) are:

l. The Cape St. George area undergoes a lateral shift
of its strandline to the north and west, i.e., there is
erosion to the east of the Cape and accretion to the west. The
northwest tip of the island is cut back slightly. Sand Island
Pass is closed. These features are confirmed by Stapor's
computations as seen in Figures 16 and 17, where, in addition,
sand deposition is observed on the East Bank and the Cape St.
George Shoals. Our predictions (Figure 11) show the same trends
as Figure 10 with the exception of the inlet closure (note: since
we have not modelled the inlet dynamics it is not expected that
the mouth of the inlet will enlarge, diminish, or migrate
appreciably.

2. The long, middle section of the island, over most

of its length, experiences erosion (Figure 12). Stapor (Figure 18)
indicates a sand transport direction away from the concave

3 3 m3/yr to

middle: 76 x 10 .m3/yr to the southwest and 60 x 10
the northeast. By expanding our concept of 'control volume' to
include any length of shoreline we can compute a net volume drift

rate for a particular stretch of beach acted on by a particular

wave climate. By summing over the difference between successive

transport rates, i.e.,
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[=nl ¢ Lo (53)
(see SUBROUTINE ADJUST in computer program), for our range of
wave parameters, we obtain figures, corresponding to Stapor's,
of 4-25 m3/hour (approximately 35 x 103 - 220 x 103 m3/year).
Figure 13 displays an overall erosive pattern but differs from
Figure 12 in the degree of shoreline retreat and the position
of maximum change.

3. According to Figures 14 and 16 the northeast end of
the island has been growing (a spit-like feature). Figure 14
indicates that areas adjacent to the expanding tip have advanced
seaward interrupted only by a few smaller pockets of erosion.
Figure 15 predicts a substantial growth at the endpoint although
not the eventual sharp veering to the north (away from the
dominant direction of wave approach) seen in Figure 14. 1In
addition the prediction shows the shoreline being cut back
along the entire stretch of beach upstream of the endpoint,
i.e., the tip of the island is being fed sand from nearby
beaches as well as from the island's middle section. This con-
trasts with Figure 14 which shows the middle section to be the
major contributor of sand.

Because the wave data is averaged on an annual basis and
extraordinary wave conditions (e.g., hurricane-produced) are
filtered out it is not expected that future trends will differ

significantly from those occurring in the past. Using the
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observed strandline of 1970 the nearshore wave field is re-computed
and a 20-year projection is made. The results (Figures 19,20,21)
exhibit patterns similar to those computed before such as the
erosion of the concéve middle ,which makes it susceptible to
breaching. The exception is the northeast tip of the island
which now turns inward as well as prograding northward, i.e.,
the beach reacts to the incident waves in such a way as to
minimize their erosive effects. In the presence of an ample
sand supply and low wave energy it is unlikely that the end of
the island will curl in appreciably; rather, its excursions in

a westerly direction should be intermittent, being counteracted
by sand deposits sufficient to direct the tip's advance to the
north and east. Eigure 21 again points to erosion immediately
upstream of the tip with accretion farther west.

The foregoing predictions in most cases are in reasonable
agreement gqualitatively with observed strandline changes. For
the results to be more pleasing gquantitatively certain improve-
ments are obvious: (1) the quality of the wave observations could
be enhanced by in situ recording of swell and local sea (shallow
water wave generation is not accounted for in this study):

(2) rather than considering the depth contours to be straight

and parallel offshore of each beach segment, a formal refraction
analysis using the actual bathymetry should lead to better fore-
casting of nearshore wave conditions; (3) an attempt could be

made to model the effects of severe storms (hurricanes). Strictly

speaking, this falls outside the outline of the present report
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because longshore drift would then only be one of the important
components of motion--the offshore-onshore movement of sediment
associated with high water levels and high waves would be very
significant. The present model could be used to monitor a beach
afﬁér it has incurred heavy damage to ascertain what contribution
the longshore transport makes to restoration.

In addition, for a coastal region with complex endpoint
boundary conditions (e.g., islands, spits, capes, penisulas) a
packing of the beach points at the ends is advantageous if it is
-accompanied by a finer resolution of the wave field. Since
nearshore wave measurements are usually lacking this would have
to be accomplished by more careful refractiop and diffraction
analyses. The difﬁraction analysis could be based on experi-
mental data or be an approximation to the existing mathematical
theory for ideally shaped barriers. Furthermore, in such regions
where there is sharp curvature of the wavefront the longshore
gradients in the breaker wave amplitude and incident angle may
drive a ndn-negligible longshore current. Shoreline change is
often manifested most dramatically at endpoints; this dictates

that we treat these boundaries in special ways.

VIII. Jupiter Island

The Jupiter Island phase of this research was undertaken
in cooperation with the Coastal Engineering Laboratory of the
University of Florida. Jupiter Island, about 15 miles north of

West Palm Beach, is the site of a recent beach restoration project.
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During its duration wave, wind, and beach profile data were
recorded by a University of Florida contingent. Figure 22 shows
the island bordered on the north by St. Lucie Inlet and on the
south by Jupiter Inlet. The project limits are marked. Figure
23 is a photograph of the construction site and Figure 24 a
diagram of the beach nourishment area showing the location of the
sand fill which is placed on alternate sides of the public beach.
Its movement and redistribution within the project limits is
monitored by beach profiling (a sample is shown in Figure 25).

The wave height and period are recorded aﬁ only one éoint
along the beach in 20 feet of water. The breaker angle, in the
absence of more than one wave pressure sensor for directional
resolution, is logged visually at approximately the same longshore
site. Shore-normal profiles of the beach are taken before the
placement of the fill, at the time of £fill, and from 6 months to
1 year afterward at varying points along the beach.

In this study we have the benefit of in situ . wave
observations, albeit at one point, and finer bathymetric data.
In order to generate the necessary longshore breaker data we
employ a refraction program (Dobson, 1967) and, by working out-
ward from the position of the one wave guage, a deep-water wave
climate is established. The details of such an approach are
contained in Mdgel, et al. (1970). suffice it to say, a fan of
wave rays of different periods is tracked seaward from this one
nearshore poinﬁ across a bathymetry which is represented by a
fine inner grid of depth points and a larger coarse outer grid.

The inner grid width is determined by the longshore distance
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between the transverse beach profiles as recorded in the field
(400 feet); these profiles extend to about a 30 foot depth, this
contour marking the outer limit of the inner grid. The outer
grid has a width of 2500 feet. The resulting deep~-water wave
field serves, subsequently, as initial data (wave periods and
directions) for a refraction analysis. By packing the wave rays
densely we recover, for each wave type, the longshore distribution
of Hb and ¢b at longshore intervals of about 400 feet.

The beach points defining the strandline coincide with
the profile locations which number 94, spanning the distance
from the north project limit to the south project limit. A co-
ordinate system is established with its origin slightly north
of the north project limit; the y-axis runs due south, the x-axis
due east. All profile lines are 67.3° Qouth of north. The
lateral shift in the mean still water line as evidenced in the
beach profiles is assumed to be indicative of erosion or
accretion (a note for emphasis: in this report the terms
'erosion’ and 'accretion' are synonymous with shoreline retreat
and advance, respectively; a stricter approach would treat the
sediment distribution normal to shore from the berm plateau to
some maximum depth of wave influence, e.g., 30 feet--that is,
local accretion may not necessarily be accompanied by a prograding
sioreline and vice-versa).

The history of the nourishment project is indicated in
Figure 24. 1In the summer of 1973 approximately 2.4 million cubic
yards of fill was placed on a 3.3 mile>stretch of shoreline;

with the exclusion of the public beach. Profiles were recorded
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prior to this £ill, at the time of £ill and in May-June, 1974
just before the second fill of 1 million cubic yards covering
1.67 miles. A subsequent profile was taken in November, 1974.
The fill area extends 5.0 miles along the beach, the study area
6.82 miles.

The period of wave record is marked by abnormally low
wave energy levels. During the winter when storm waves from the
northeast would be expected to enter the study area the maximum
breaking waves rarely exceeded 5 feet in height. The predominant
direction of wave approach was from the northeast and east. The
data is averaged on a weekly basis.

The procedure for using the numerical model parallels
that for St. George Island with the following modifications and
comments:

1. The step size, At, is set equal to 15 hours ahd the
corrector is applied only once.

2. The endpoints lie a fair distance away from the beach
£i1l (the region where the most rapid change is anticipated) so
that the transport rate does not fluctuate markedly in magnitude
nor sign within a few grid lengths of the ends. We, therefore
extrapolate the directional tendency of those interior points
immediately adjacent to the ends' in order to derive suitable
boundary conditions (note: there is no requirement that Q = 0 at
the boundaries). If the left boundary is denoted point 1 then
the 'effective' angle Ql is

-

g = (&+s, ) /2 (54)



94

where

0: g -(3,-9) (55)
Similarly, for the right boundary, denoted point M,

(QM: (G/-M*- GH_')/Z (56)
where

em - er!-!- ( S ™ S / (57)

In the plots displayed the coordinate axes have been
rotated 20° counterclockwise for clarity-the vertical coordinate
is exaggerated with respect to the horizontal. Figure 26 shows
the beach shape before the first fill and soon thereafter.
Figure 27 shows the first fill profile and the beach shape at
the time of the second fill. Figure 28 shows how the beach
evolved from the time of the first fill to just prior to the
second fill. Figure 29 is a predictive comparison for the case
K, = 0.3 (Figure 30 is the forecast for K, = 0.5). It predicts
fairly well the sites where the shoreline recedes and advances
but underestimates the degree of the erosion. The answer for
this discrepancy, at least partially, lies in the profiles. A
volumetric analysis of the profiles (Ceylanli, University of
Florida) points to a balanced sand budget for the beach system
within the project limits, i.e., by considering the sand dis-
tribution to a depth of 20-25 feet it is found that there is

actually a slight net gain to the system; a portion of the
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material lost from the subaerial beach (a decrease in surface
area) is re-deposited in offshore shoals. Our calculation of
the surface area change‘(see subroﬁtiﬁe AREA in the computer
program) is about 30 per cent of the actual change. The
conclusion we draw is that the longshore mode, although
present, is not predominant in this case.

The fate of the second fill is shown in Figqure 31. Thé
seaward protuberance that is the fill is smoothed out. However,
the sand is not re-distributed along thé shore to any significant
degree. The beach face exhibits an overall erosive trend over
most of its length - even the public beach afea, which might be
expected to trap some of the longshore drift, is cut back
(accretion occurs only on the southern flank of the public
beach). The beach system, though, remains fairly stable. A
volumetric analysis poiﬁts to a loss of 7 x 104 cubic meters of
sand between June and November, less than 10 per cent of the
volume of the second fill. Furthermore between August, 1973 and
November, 1974 there was actually a small net gain of 4 x 104 cubic
meters of material to the system as a whole. The prediction
(Figure 32) shows the shoreline to be generally receding but at
a slower rate than that recorded. The public beach is partly
filled in which.is contrary to observation. Again, the neglect
of the onshore-offshore mode of motion is proved unjustified.

I1f, on an annual basis, it can be shown that there exists
an equilibrium in the onshore-offshore direction then an
integration over several years would be instructive. This has

not been demonstrated conclusively for Jupiter Island. Figure 33

is a 5-year prediction beyond the last set of profiles of
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November, 1%74. A loss of 5 x 104 square meters of

berm area is predicted due to longshore drift out of the pro-
ject limits. The loss is greater if the wave energy levels
are increased (the presently recorded levels are anomalously
low).

Figure 34 is a comparison of the strandline before the
placement of any fill with the most recently recorded strandline
position (November, 1974). Most of the shoreline undergoes a
seaward advance. To be noted is the resistance of the public
beach region to change. To the area of the berm has been added
about 9 x lO4 sguare meters of sediment.

A critical question which arises is whether the sand
stored offshore is available for shoreward transport by natural
agents. The answer lies in the compatibility of the fill material
with local sand type and dynamic conditions. The movement of
the fill is a function of the grain density and diameter (especially
so for the suspended load) and of the wave type. A fine sand
deposited on the beach may be dispersed offshore and reside there

semi-permanently.
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IX. Comments and Suggestions

1. Our preliminary studies indicate that a reasonable
range for the coefficient, Ko’ is 0.2 < Ko < 0.6, that the
uncertainty attached to it is less than an order of magnitude.

2. Our simple-minded approach, correlating differential
sand transport with the lateral movement of a plane~-sloping
beach, has its drawbacks. In light of measurements (Goldsmith,
et al., 1972) which demonstrate that migration of the strandline
is not necessarily directly proportional to local sand loss or
gain, as well as our experience in the Jupiter Island project,
an improvement of the present model to include the onshore-
offshore component of sand flow would make it more generally
applicable, especially for short-term predictions.

3. It has been found that there is a critical dependence
on the conditions specified on endpoint boundaries. The sedi-
ment, interior to these points, is redistributed and re-worked
but its passage across the boundaries is what determines the
sand budget of the beach system being examined. The nature of
the boundaries points to how they should be treated. For example
a jetty perpendicular to shore imposes a zero flux condition,
i.e., ©Q = 0, at least until it is overtopped or bypassed by the
sand flow; an open groin allows a fraction (empirical) of the
sand to pass; some of the sand supplied tc the tip of an island
can be deposited in the sheltered lee region, ig offshore shoals
and/or contribute to a prograding end, a complex partioning of

the available sand; etc. Because information generated on the
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boundaries propagates into the interior careful attention must

be paid to the endpoint conditions unique to a particular beach.

4. The present model is a viable predictor of shoreline
change if the longshore mode of transport is dominant and the near-

shore wave field is adequately resolved.
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