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WAVE LENGTH AND WAVE CELERITY DURING SHORE-BREAKING

by

James H. Balsillie

Analysis/Research Section, Bureau of Coastal Data Acquisition, Division of
Beaches and Shores, Florida Department of Natural Resources, 3900 Commonwealth
Blvd., Tallahassee, FL 32303.

ABSTRACT

Prediction of wave phase speed and, hence, wave length at shore-breaking
has remained a controversial issue. Based on available field data (n = 47)
and laboratory data (n = 40 to 71), a family of relationships are derived
for predicting the wave length at shore-breaking. Assuming approximate
linear wave speed attenuation, a method is derived for prediction of wave
speed during the shore-breaking process.

INTRODUCTION

Wave height, H, wave length, L, wave periéd,'T, and water depth, d,
constitute basic hydraulic variables which form the basis for derivation
of composite parameters (e.g., wave steepness, H/L, or wave steepness
parameter H/(g Tz)) required in most coastal engineering design
applications. It becomes not only desirable to be able to provide for
determination of such parameters over a wide variety of conditions in order
to accurately describe a natural process, but to be able to provide the
simplest and most straightforward precedures possible.

As the number of basic variables becomes large, the solution of any
problem invariably becomes proportionately more complex. It becomes
desirable, therefore, to provide methods for predicting as many of the
variables as is feasible. One such variable is the wave length.

As will become evident, determination of the local values of H and d as

waves shore-propagate is complex, since ever following initial specification



of their values, which may exhibit a wide range, H relative to d experiences
additional and significant progressive transformations as shoaling continues.
The wave period, though, once initially specified is considered to be
conserved (i.e., remains invariant) across the shoaling bathymetry until
shore-breaking occurs, and a simplifying condition emerges. The wave length,
however, behaves in the same fashion as H, thereby introducing additional
compexity. The wave length not only appeans in many shoaling design wave
equations {and usually just when one has little insight as to its local value
short of tedious calculations for obtaining an approximation), but most
importantly is related to the wave speed and wave energy.

It becomes important, therefore, to provide a method(s) for prediction of
the wave 1éngth and wave speed. In this paper such prediction is investigated

during the shore-breaking process.

DISCUSSION AND RESULTS

As shore-propagating waves approach the shoreline across shoaling
bathymetry, the wave height tends to initially decrease due to a number of
factors such as bottom friction, etc., and then begins to increase rapidly
in height just before shore-breaking occurs. The transformation is illustrated
in Figure 1 (notation is defﬁned at the end of the paper). It is the increase
in wave height which defines the shore—breakingI process. Shore-breaking
wave mechanics are described by the alpha wave peaking concept (Balsillie,
1980, In Manuscript) and denoted by oy in Figure 1. Alpha wave peaking, then,
describes the "zoné" of interest for investigation of the wave celerity and

wave length.

1Waves may break in deep or relatively "deeper" water due only to gritica]iy_
high wind stresses which cause waves to become critically steep (i.e., forced
waves); shore-breaking waves occur primarily because water depths become .
critically shallow.
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Figure 1. I1lustration of wave transformation from deep water to shore-breaking, where the alpha
wave peaking process (i.e., shore-breaking) is given the notation up.



The speed with which a group of waves, comprising a wave train, travels
is not always equivalent to the speed of individual waves within the group.

The individual wave speed, termed the phase speed, is given by:
¢ =L/T (1)
and the group wave speed, cg s by:

¢g = 1 (L/T) (2)

In deep water (i.e., d/L > 0.5) n = 0.5, in intermediate wave depths

(i.e., 0.04 < d/L < 0.5) n increases in value to become, finally, n =1 in

]

shallow water (i.e., d/L < 0.04) where ¢c = ¢

g
According to small amplitude (Airy) wave theory, the phase speed and

wave length in any depth of water may be given by:

= %TTF tanh-al-lLf-—‘i . (3)

O
"
——

which sﬁa}l later be evaluated.

In this work the alpha wave peaking process is assumed to occur in
shallow water where n = 1. In order to determine the transformation of
¢ and L during shore-breaking one, first, needs to have knowledge of the

governing boundary conditions.

Terminal Boundary Conditions

Equation (3) is often'app1ied to predict conditions at shore-breaking
which defines the terminus of the process. A more common application from

small amplitude wave theory, is given by:

L

¢y = — = v db (4)



or where solitary wave theory is applied, by:

- b _ , : )
cb~———/g\db+Hb) (5)

_‘

where Hé is that portion of the wave height at shore-breaking above the design
water level. About equation (5), Smith (1976) states: "Although this
equation is widely used in the Titerature on wave theories and is generally
accepted, few discussions have been presented which establishes its validity."
The same appears to be true of equation (4), while a general misunderstanding
about equation (3) seems to have been proliferated in the literature.

Van Dorn (1978) found that at shore-breaking, the wave speed was always
greater than the sma11}amp11tude speed of equation (4), and smalier than the

solitary wave celerity of equation (5). He reports that:

= J2gH " (6)

h b

which was found to "..... agree roughly with that predicted for Timiting
Stokes waves in deep water ..... ",

Available field and laboratory data (see the table) are used to evaluate
the above equations. The wave celerity is analyzed in terms of the wave
]ength.rather than the wave speed since the length yields a much wider
range of values. The data are plotted in Figure 2. The figure illustrates
that equation (3) does not appear to predict Lb and, hence, Cy > with the
precision of the other fftted relationships. It is to be recalled, however,
that equation (3) was developed from theoretical considerations to represent
an upper limit envelope curve (see Figure 8 of Bretschnieder, 1960). In
addition, because equation (3) is an algorithm it is awkward to apply and

not generally recommeded for use in design work. Equations that more

successfully predict expected values are given by:



Table of statistics relating measured and predicted wave lengths at the
shore-breaking position.

Lh = u T 4q db Lb =m T dq(dbth) Lb = a T 49 l--l.h
n w v " ¥ m v,
FIELD DATA
Gaillard (1904) 24 0.94462 0.%408 0.7514 a.9587 1.241 0.9404
Falsitlie and Carter (198¢) 21 1.226 D.94%2 9.92181 7 Q.94695 §.359 0.9468%
Field Results 47 0.9832 0.9737 0.7737 Q.9757 1.259 0.9720
LABORATORY DATA

Galvin and Eagleson (1945) 24 1.342% 0.3603% 0.8843%  0,3842% f.178 7.3558
Eagleson (19245) 7 1.084% 0.8399% 0.813ix 0.8850% §.233 ©.7965
Van Darn (1974, 1978) 12 264 0.9434 0.84895 0.9889 §.254 6.9933
Buhr Hansen and Svendsen ({97?) 28 §.143 0.9947 0.8036 0.99462 f.162 0.9%47
Laboratory Results 40-74 | 1.208 @.9858 0.B561 0.9947 1.244 9.9933
Total Results B7-118] 0.9972 0.98061 ©.7794 0.9210 1.254 0.98334
Heighted a 871418 t.111 e Q.829 o ———— 1.2 —emeeee—
Adjusted wix B7-4i8] 1.1176 e e 0.8374 e 1.2644 i e

MOTES:  Un
*

R

less othevwise
These results represent dy,

m, all others used in the a

refarenced to MWL and are not
nalysis are referenced to SWL.

indicated alt m and v are from regression analyses.
in determination of

used

Adjusted values weve determined such that equations (7)) through {({i1) atl vield

consistent results.
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and

can

and

- /T2 g4, (7)

= T/1,604g Hb (8)
=T /0.701 g (d, * A (9)
Where db = 1.28 Hb (McCowan, 1894; Munk, 1949; Balsillie, In Manuscript)

Hg = (.84 Hb (Balsillie, In Manuscript), the previous three relationships
be modified to yield two additional equations:

= T/1.904 g HB (10)
= T/0.755 g (4, * A | (11) .

we now have a family of design relationships for prediction of Lb and Cp-

Initial Boundary Condition

With the exception of the results of Buhr Hansen and Svendsen (1979),

there is 1ittle, if any, data available which will allow for determination

of the wave speed at the point of initiation of the alpha wave peaking

process (i.e., at Ci)‘ Based on other alpha wave peaking investigations

(Balsiilie, 1980, In Manuscripts), it may be reasonable to assume that c;

can

be related to Cy However, the problem is encountered that the

difference between <y and Cy is slight, at least compared to natural

variability in the data and possible measurement errors.

Another approach using theoretical reasoning may provide useful results.

Solitary wave theory would appear to be applicable. Use of Solitary wave



theory poses problems, however, since it is assumed that the entire wave
lies above the still water level (SWL), a condition that does not apply
during alpha wave peaking for periodic waves. Correction of this artifact
is necessary.

The total energy of a wave is the sum total of its kinetic and potential
energies. The kinetic energy is that portion of the total energy due to
water particle velocities associated with wave motion. Potential energy is
that portion of the total energy resulting from the wave fluid mass lying
above the SWL. "Total energy in a solitary wave is about evenly divided
between kinetic and potential energy” (U. S. Army, 1975), and is given by:

8

) 3/2 ,3/2 | |
E. = 0. g HY d | (12)
T S5

However, since the wave crest does not lie totally above the SWL, then at the

initiation of alpha wave peaking:

Ery = Exs * Ep; (13a)

E. = | 0. g W2 432 | <ﬂ> ° 0. g B2 ¢3/2 (13b)

Ti 6 /3 f =2 i H ia 6 /3 f i i

and

o= 8 w2 g32 | . H‘) (13¢)

Ti — Pr 30y G H /. c
6 v ia

where at jnitiation of the alpha wave peaking process, ETi is the total wave
crest energy, EKi is the kinetic energy, EPi is the potential energy, and

(H’/H)iais the percent of the wave crest height lying above the SWL.



Similarly, at the shore-breaking position, where H];/Hb = 0.84 (Balsillie,

In Manuscript):

8 H! 8
32 3/2 b 32 3/2
., = or g HY2 ¢ + or g B2 ¢ (14b)
™ T o e G o as3 e b
and
f - Let —— o, g kY2 Y2 (14¢)
Tb e

Now, by applying the Rayleigh assumption (Eagleson and Dean, 1966) given

C- L-/T L- 1 '1
. = -1 = 1.84 [1 + (HY } (16)
( )_ia .

o

where (H'/H) may be predicted according to Balsillie (In Manuscript) by:

ia

/g \1.014
() = 0.54 + 10.34('—2-) | (17)
. 07,

|

1

10
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|

N
i

0.84 - 0.307 { tanh 03[(5) - 1.28:]) (18)

which provides the percentage of the wave height at the initiation of alpha
wave peaking lying above the SWL.
Comparison of results from equation (16) with the measured data of Buhr

Hansen and Svendsen (1979) suggests that further calibration of equation (16)

is necessary. The data of Figure 3 indicate that a correction factor, ¢ ,

for equation (16) may be given by:

c 1 0.4353

o = Ci measured = 0.7078 (S) (19)
b predicted i

where (d/H)i is the relative water depth at the initiation of alpha wave

peaking (Balsillie, In Manuscript) according to:

H
(—H‘i) = 1.28 - 1.56 1n {tahh 65(——2) (20)

and equation (16) appears in the final form:

1
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Figure 3. Comparison of predicted and measured wave speeds at the point of

jnitiation of alpha wave peaking; predicted data from equation (16), measured
data from Buhr Hansen and Svendsen (1979). '
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Wave Celerity and Wave Length Transformation during Alpha Wave Peaking

The data of Buhr Hansen énd Svendsen (1979) for a slope of 0.0292
suggest that the transformation of c, the local wave celerity during
shore-breaking, is non-linear but only very slightly so. For three
bed slopes of 0.022, 0.040 and 0.083, Van Dorn (1978) illustrates that
the transformation of ¢ is only slightly non-linear and that it
accelerated at a rate close to -0.5 g tan oy -

In addition, Van Dorn's result requires that the transformation of ¢ is
dependent on the bottom slope, as would be expected. Unfortunately, Van Dorn
did not publish his transformation data, aﬁd only the data of Buhr Hansen
and Svendsen, for a single slope, are available. Fortunately, however, from
the above it is possible to assume that the behavior of ¢ is essentially
linear and can be determined as a function of the relative water depth.

Accordingly, where shore-breaking occurs when db/Hb = 1.28, then:

(d/H) - 1.28

c = ¢, - 1 - - : C: - € ) (22)
1 (d/H); - 1.28 (e b

which is valid during the alpha wave peaking process where (d/H); > (d/H) > 1.28.

CONCLUSIONS

Three issues concerning the prediction of the wave length and the wave
speed during the shore-breaking wave process have been addressed. |

First, a family of relationships based on field and laboratory data have
been defined for determination of L and ¢ at the shore-breaking position.
These relationships have been used to refine theoretical predictions

from small amplitude (Airy) and solitary wave theories. The family of derived

13



relationships provide for alternate data to more closely facilitate the needs
of the coastal engineer whose completeness in data may differ from project to
project. In addition, the commonly used algorithm given by equation (3) is
assessed. Not only is the expression difficult to apply (i.e., that which
it predicts requires itself to be predicted), but that in surf zone
applications it has often been incorrectly applied since it is an upper-limit
envelope curve fit. In view of the developments presented in this work, the
continued use of equation (3) during shore-breaking is not recommended.
Second, based on consideration of solitary wave theory (with corrections
for the potential energy since the wave crest does not lie totally above the
SWL) and the Rayleigh assumption, the wave length and wave speed at the
initiation of shore-breaking (i.e., beginning of alpha wave peaking where
the wave crest begins to significantly increase in height and in profile
view becomes asymmetrical and distorted) may be predicted according to
equation (21).
Third, using the above two results as boundary conditions, the

transformation of L and ¢ during alpha wave peaking, assuming linearity in

attenuation, may be predicted from equation (22).

14



NOTATION

Symbols

C

Subscripts

b

local individual wave {phase) speed.

group wave speed.

local water depth measured from the DWL.
design water level.

kinetic wave crest energy.
potential wave crest energy.
total wave crest energy.

acceleration of gravity.

local wave height.

local wave height lying above the SWL.
local wave length.

coefficients.

number of data points comprising a sample.
that design water level represented by the still water level.
wave period.
bottom slope.

alpha peaking.

fluid mass density.

coefficient.

parameter value at the shore-breaking point {i.e., at the
termination of alpha peaking).

parameter value at the beginning of shore-breaking (i.e.,
at the beginning of alpha peaking).

parameter value just before entering transistional water
denth.

15
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