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CHAPTER 10

Kinematic characteristics of the highest waves

Estimates of significant or mean wave height,
irrespective of the method of their generation, refer
to a quasi-stationary interval. The highest wave in
a quasi-stationary interval depends on its duration.
Other quantiles of wave height distribution can be
obtained in deep water using the Rayleigh (I.1) or
Forristall ~ (1.2)  distributions. In  practical
applications, it is common to associate the
maximum wave height with the estimate of 0.1 %
probability. Then, for the Rayleigh distribution

h0,1%=2.965 . An efficient

approach, however, is comprised of the three
following steps. The first step is the estimation of
the extreme storm duration for the location of
interest. The second step is the calculation of the
corresponding probability of the maximum wave
(see [Boukhanovsky et al., 1998].) Then, finally, its
height can be evaluated.

apparently more

In  shallow water, Glukhovsky's distribution
[Glukhovsky, 1966] is used most often in Russia:

U U

2*|:|
F(h):l—expg-#%hg_h H (0.1)

TRl

H 0 Ve H

where h*=h /H is relative average wave height,
and H denotes water depth.

The Rayleigh and Forristall distributions are
theoretically  unlimited and may  predict
unrealistically large wave heights. Thus, a limiting
height is introduced associated with wave
breaking. The extreme height (i.e. the height at
which wave breaking occurs) is determined by an
equation from the finite amplitude wave theory
[Easson, 1997; Sarpkaya, Isaacson, 1981]:

hb/gT2 :Clth(CZH/gTZ)

where hy, is the breaking wave height, g is the
acceleration of gravity, H is local water depth, T is
the wave period.

(10.2)

The constants in equation (10.2) are: C;=0.02711
and C,=28.77. Constant C; determines the
maximum possible steepness of a finite amplitude
wave in deep water, while constant C, reflects the
influence of shallow water effects.

For H - 0,h, =0.78H .

ForH — oo, h /A - 1/7, A
corresponding wavelength.

being the

A more comprehensive description of extreme
waves should include not only wave height, but
other kinematic characteristics such as period T,
length A and crest height c¢. The conditional
distribution of wave periods for a certain height
F(tCh), which is also called associated, can be
approximated by a Weibull distribution with shape
parameters depending on the wave height and
period accordingly [Wind, 1974]. The Weibull
distribution for the conditional distribution can be
written as
]

F(T|h)=1—expﬁ—,0,1 d ah%
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, is the regression between t and h.

(10.3)

where  my

The shape parameter k, for t|n varies from 2.62 to
7.47 [Wind, 1974]. In practice, shape parameters
do not depend on the degree of wave development
and the type of wave system. The regression

My = [X1 (x| y)dx

is defined as the conditional mean of one random
value (the other one is invariant), and the skedastic
ratio (conditional variance) is defined as

D,y = }(x— mxly)2 f (x| y)dx
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The behaviour of the regression and skedastic

ratios for calculated conditional distributions F(t|h)
is presented in Fig 10.1. Similar figures have been
published in many papers (see, e.g., [Wind, 1974;
Boukhanovsky et al., 1999; Lopatoukhin, 1974]).

The figure shows that conditional average values
of wave periods for a given wave height myy,
strongly depend on h and 7 only for values smaller
than the average. For wave height or period
exceeding the average, these two parameters
become nearly constant. Dependence of
conditional variances Dy, and Dy, on the height
and period is seen over the whole range of
variability. A parabolic shape of the conditional
variance curve indicates that the greatest diversity
is pertinent for waves with heights close to the
distribution centre. For practical purposes, it may
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be assumed that mean wave period associated
with large waves (at least larger then the mean
wave height) is about 1.15-1.20 T . An analysis
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based on a breakdown of various wave generating
conditions would result in a wider probability
interval for the scedastic ratio.
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Figure 10.1: Regression (a) and skedastic (b) ratios for the wave periods with prescribed wave height for
the Black Sea. Crosses are the borders of 90% confidence interval.

In practical computations of mean period T , which
is associated with wave heights h of a certain
probability of exceedance, parameterizations of the
conditional mean my, and of its probability range
bounds (tlower, Tupper) are used:

r(h)= An® (10.4)
Davidan et al. (1978) used an extensive array of
field observations and suggested the following

approximations for the parameters in relation
(10.4): A=4.8, B=0.5.

The lower bound T, of mean wave periods
depends on wave kinematics and can be
determined using an equation for maximal wave
steepness. For example, Battjes (1972) proposed
the following relation:

Tiower = (32770 / g)% (10.5)

where hg stands for significant wave height.

[Teng et al., 1993] used observations from buoys
moored off the Atlantic and Pacific coasts of the
U.S. and proposed the two following modifications
of equation (10.4):

=3.23h2*"  or

=3.28h2*  (10.6)

r lower r lower

Other studies (see [Chung-Chu-Teng et al., 1993])
showed that the approximation by Battjes tended

to overestimate T, Wwhile the second formula

(10.6) by Teng and (1993)
underestimated it.

co-authors

The limit on the upper bound T can be defined

upper
as a certain quantile of the conditional distribution
of wave periods (t|h) for a given wave height; the
5% probability quantile is a reasonable choice.

Another useful kinematic characteristic of the
spectrum is the period 1, corresponding to its
energy peak. Buckley (1988; 1993) and Chun-Chu
Teng et al. (1993) used an equation for its lower
limit corresponding to a given significant wave
height hs. It is equivalent to the following formula:

(,).. =362(h)*

For the upper limit (T,)upper Buckley (1988) found
the following expression fitting the upper envelope
of an empirical data set:

() =760, )

The ratio of period of the spectral peak 1, to mean
period T is known to vary from 1.1 to 1.4 [Goda,
1979].

(10.7)

(10.8)

Classical hydrodynamics makes it possible to
derive all basic kinematic parameters of the wave
of interest if parameters (h, 1) are known. For
example, the linear theory of small amplitude
waves, which is applicable to sufficiently deep
waters, yields:

A= r2=-18672, c=h/2  (10.9)
21T

For shallow water areas with depth H, the theory
provides a transcendental equation  with
parameters 1, H
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T Py an HA_H (10.10)

which can be solved with respect to wavelength A.

¢(X’ y): g(pl(xv y)+ £2¢2(X1 y)+ £3¢3(x,y) + 0(8)4

Here ¢ is the dimensionless small parameter
defined by the kinematic characteristics of the
wave, ¢, is the first expansion term corresponding
to a linear approximation of the potential theory of
small-amplitude progressive waves, and ¢, and ¢

{ = (a +a°h, )cosx +a’b, cos 2 +a’b, cos 3

where a is the wave amplitude, x is the wave phase,

2 2
b, = K cthicy 2N KH*L K
4 sh°kH

b,

and k is the wave number.

2" 16sh%kH

" 64sh®kH

In locations where the water depth is comparable
to wave height, it is necessary to use
approximations of the potential theory for waves of
finite amplitude, e.g. a third-order Stokes
expansion for the velocity potential function ¢(x,y)
(see [Aleshkov, 1996; Sretensky, 1977; Lambrakos
et al., 1974)]:

(10.11)

are the non-linear addends corresponding to the
second and third approximations.

The free-surface ordinate { corresponding to
equation (10.11) with accuracy to the third
expansion term is written as [Aleshkov, 1996]:

(10.12)

(2ch®kH +8ch*kH —19¢ch?H +9)

(1+8ch®kH )

The phase velocity of a third-order Stokes wave is defined as:

21,2
c=%= [GpnH e+ 2K
k 165h"kH

The height of a Stokes wave is equal to:

h=2a(1+a%?)

where b = e (3
64sh°kH

The crest height ¢ and the trough depth are
determined, respectively, for x=0 and x=1t

The length of a Stokes wave is A=277k, and its
amplitude a is determined based on the

established period r:2n/a) and height h by

numerical solution of the set of transcendental
equations (10.13) and (10.14).

In practice the individual wave crest (c) distribution
is provided, for example in [Haring, Heideman,
1980]) as

|:| 2
P(c)=1-exp TS @—BAEBZ—L%

0 2m, HQO H

B, =4.37,B, =0.57 (10.15)

(Beh*kH —8ch2kH +9)E (10.13)

(10.14)

2ch®kH +32ch*kH —76ch?kH +39).

where mg is the zeroth moment of wave spectrum.
The crest height of p% probability is estimated as a
solution to this equation with initial value c,=0.5h,,
in accordance with the analytical solution (10.9) for
waves of infinitely small amplitude.

However, to estimate the crest height of waves at
n-year return period (n=1, 5, 10, 25, 50, and 100
years) for a shallow water area, it is recommended
that the crest of a higher-order theory of wave
profile is used.

Lambrakos and Brannon (1974) estimated wave
crest heights using the higher order Extended
Velocity Potential (EXVP) wave theory. The theory
considers a Stokes-type wave, which has front-to-
back symmetry of its crest and propagates without
deformation. The EXVP wave theory s
instrumental in determining the geometry and
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kinematics of individual waves. In the theory the
velocity potential has the form

o(x,z,t)= z cosh(k,z)[B, sin(k,x - c,t)]
(10.16)

In this expression, z is positive upwards from the
seafloor, x is positive in the direction of wave
propagation, the summation is made over
n=12,..,N frequencies, k, = 2rA, is wave
number for frequency n, w, = 2771, is angular wave
frequency for frequency n, A, is wave length for
frequency n, and 1, is wave period for frequency n.
The input data for EXVP are the water depth H, the

wave height h, and the zero-crossing period 1 of
the wave.

The tables and plots for the estimation of wave
crest are published [Sarpkaya, Isaacson 1981]. A
part of those tables is reproduced in Table 10.1.

Let us consider an example. Suppose H=17.1 m,
h=10.7 m, and T=12.5 s.

Then from (10.2) we get h,= 12.8 m, h/hy=0.83,
and H/gr2:0.01094. Interpolating data in the Table
we obtain: ¢/h=0.766, i.e. ¢=8.2 m.

In real situations the ratio c/h varies in the range

Tab

from 0.50 to 0.80.

le 10.1

Crest/wave height (c/h) ratio as a function of h/h, and H/gr2
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