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SUMMARY

Coastal engineering problems concerning wind waves and swell
can be solved with the aid of hydraulic or mathematical models,
The irregular wave field i.e. the state of the sea surface can be
described in a sufficient way for engineering problems either by
parameters such as significant wave height and mean wave period,
or in the form of power spectrum function and the zero-moment
thereof.

A semi-empirical method is developed using transfer functions
in order to determine the boundary conditions from wave measurements
on a limited number of stations in all important points within a
shallow sea area.

An economical design is usually possible if the probability
of occurrence of all parameters concerned is known. The extrapolat-
ion of multidimensional statistical distributions of such para-
meters is often based on a relatively short period of field ob-
servations. The accuracy of the conclusions drawn from these ob-
gervations influence the methods applied in the modelstudies and
the reliability of the eccnomical decision.

In this respect, an analysis of the available data is made
with reference to some engineering and navigational problems in
the South-Eastern part of the North Sea.

1. INTRODUCTION

A practical solution for maritime and coastal engineering
problems, derived from the results of studles based on uniform
waves, was only possible in some exceptional cases. Consequently
it was necessary to initiate the studies of irregular waves for
which windflumes are a necessary tool; as most of the hydraulic
laboratories have installed now.

An important improvement is the introduction of a fetch-
independant generator of irregular waves. Except for three dimen-
sional prcblems, most of the maritime structures, breakwaters
and dikes can be designed by using this new laboratory facility.

The accuracy of present designs is mainly determined by the
knowledge of adequate boundary conditions based on the statisti-
cal analysis of wave observations.

The following aspects of the statistical analysis of wave
readings in a deltaic area are discussed:

. The definition of a limited number of statistical para-
neters describing a field of irregular waves given as a
time series.

The determination of the probability distribution of the
parameters based on a large number of time series
observations.
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The determination of the boundary conditions at all points
of interest within a deltaic area where the wave data are
known for a limited number of reference stations only.

Two examples of the application of the statistical evaluations
of the wave conditions to some problems in marine and coastal en-
gineering are given.

In this general dealing with these examples the description
of the method of application prevails over the details of the
results.

DEFINITION OF SOME TERMS

meters which are a basis for the determination of the design of

a structure. Usually it is a multidimensional function of para-
meters comprising sea level, wave height and wave period. Very
often, the mean wave direction is of importance. For different
values of probability of exceedance of the parameters, studies

in hydraulic models or computations have to be carried out in

order to obtain physical data for the mathematical decision (Ref.1).
For many problems the energy density spectrum function must be
introduced replacing both wave height and wave period.
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3. STATISTICAL PARAMETERS DESCRIBING A WAVE FIELD

Most of the parameters which are geneérally used in order to
define the wave movement in fluids are derived from the theory
of periodical uniform waves. This theory, in which the mathemat-
ical relations between the parameters are determined, could be
applied to many kinds of sharply defined and schematized problems.
In deep water, the solution of the linearized differential equa-
tions is correct for first order harmonic waves of small amplitude.
A number of solutions of non-linear equations exists for the waves
of a special type in shallow water i.e. the trochoid wave, the
third and higher order waves, the cnoidal wave etc. (Ref.2,3 and
k). The results of such theoretical studies are more or less
verified by the results obtained by hydraulic model research in
wave flumes using periodical wave generators. Such studies have
contributed to the improvement of knowledge of the basic wave
movement mechanism.

Many times, however, only approximate and sometimes even
wrong solutions of engineering problems are obtained from the
mathematical and model studies based on uniform waves. Moreover
the variability of the seawaves limits the use of the very refined
results of the uniform wave theory.

For irregular wave fields, the parameters defined for uni-
form waves, are to be expressed in statistical terms such as the
significant wave height Hg, mean period T,, or reference wave
celerity Cp. These parameters determined by empirical or semi-
empirical distribution functions describe the behaviour of the
"individual waves'" of a wave field. However, an "individual wave"
can only momentarily be defined. In fact it is a sum of many
random disturbances travelling with different celerities. Obvi-
ously the mathematical relations between the different parameters
of uniform waves does not hold for the "individual waves''. Some
times these relations may be used as a good approximation for the
relations between the statistical parameters describing the wave
field. The reliability of the results, however, depends on the
proper choice amongst them.

The development in the field of the communication theory and
especially the analysis of time series introduced by RICE in 1944
(Ref.5) opened new possibilities for study of the irregular wave
fields. Until about 1957 the new statistical approach was mainly
explored by oceanographers and mathematiciens.

The most important improvements in the application of the
theory of irregular wave fields on engineering projects are the
introduction of the spectral analysis of wave recordings and the
Rayleigh-distribution function of wave heights based on the first
order harmonic theory. (Ref.6).

correlation analysis of wave records. It gives information about
the potential energy pe %% within a narrow range of wave

frequenties Af as a function of the corresponding frequency f.
Usually, this energy is divided by P.g.and has the dimensions of m
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b S ( = F(f +3) for 3= 1,2,3, ceuveenns (1)

If Af— 0, than 2—%—»%‘;—3 = S(f) which is called the continuous

%K energy density spectrum. In fact it is the real part of the
fourier-transform of the autocorrelation function (Ref.2).

The energy density function is defined for stationary pro-
cesses of long time series. The spectral analysis of times series
offers the possibility for approximation of the irregular sea
surface in a flume by means of the spectral components represent-
ing the energy in every class (j+3) of the frequency f. Two meth-
ods which are directly based on the energy density spectrum for
the boundary condition in a flume are discussed in paper no.2 of
this symposium.

The accuracy of this approacih is better then the accuracy of
the generation of waves in wind flumes depending on fetch. It is,
however, still limifed on account of the statistical character of
the spectrum which is derived from & limited time series and usu-
ally represents only one sample. In other words the spectrum func-
tion does not determine the wave motiocn uniquelly.

It is important to note, that the definition of the total
energy of spectra opens the possibility to determine the relation
between the irregular wave motion and the uniform wave theory:

The total energy Ey of an uniform sinusoidal wave field per unity
of surface may be expressed by the energy-hcight H, of theuniform
sinus wave:
1 42 [ é] .
B, = 2

u =3 H, m (2)
The energy represented by the high frequency components of a
spectrum tends to zero. For practical purposes the values of j.af
may be limited to fp., = (n+§) Af < 5 Hz,
Consequently, the total energy of the wave field may be approxi-
mated by the energy of uniform sinusoidal wave components computed
for n classes of f(j+%).
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where Hi = individual wave height and
H, = significant wave height, which is the wave height of
an uniform sinus-wave with the same energy as the wave field,
In consequence,
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Finally, it follows:
4y m, (6)

3.3. The height of the "individual wave"

The statistical probability distributions of the different
parameters related to the "individual waves" are a reliable basis
for the comparison between different records, except for the
extreme values in the low probability range. The practical treat-
ment of this problem is dealt with here in after, by discussing
the probability distribution function of the "individual wave
heights".

As mentioned before, the mathematical approach of LONGUET-
HIGGINS results in the Rayleigh probability distribution of wave
heights. In an other publication, CARTWRIGHT and LONGUET-HIGGINS
(Ref.?7) show the relation of the Rayleigh function with a sharp-
ly peaked spectrum of which the energy is concentrated in a
single narrow frequency band.

By this relation they show, that the individual wave height
H,. which is representative for tne total energy of the narrow
spectrum equals:

HI‘ = I-{- |/ mo (7;

and the statistical parameter Hy, of an irregular wave
appears to be equal to the sinusoidal wave height Hg
from the relation between the energy of the uniform si
and the total energy of the wave field.

The cumulative probability distribution is given by
BRETSCHN 5IDER (Ref.8) in the equdtloq-

* q(__) =1_exp.{- (_9».) } k8)
in which ﬁ = the “average“ wave height
H = wave height with the cumulative probability
4 value g. (Exceedance probability value = 1-q)
% H is related to the significant wave heighu as H = 0.625 Hy

Hote, that this equation is expressed in dimensionless p&“uw’tEAF.
The exceedance probability of all other "individual' wav. igh
including the representative wave height €e8e of the sip cant
wave height can be computed from equation (8), on the conditio
that the assumptions of LONGUET —HIGGINS are valid. Moreover,
time series must remain stationery for = sufficiently long
duration.

The extrapolation of the cumulative probability function tc
the extremely high waves 1s only correct for a limited time se-
ries when a range of significancy is considered (fig.3.1), as
shown by GUMBEL (Ref.9). For the research in bemal of an engi-
neering project the stationary process is often limited to the
duration of a severe gale, which often are lasting only a few
hours.

CARTWRIGHT and LONGUET-HIGGINS developed also & different
category of probability functions by introducing a parameter
describing the shape of the spectrum.




In the authors contention the practical value of theoretical
refinements of the statistical analysis of timeseries is limited
by the uncertainities of the extreme values mentioned by GUMBEL.
This opinion holds also for the determination of the probability
distributions of wave heights in shallow water with respect to
the effect of the non-linear inter-action between the wave
components.

The wave readings of limited duration, e.g. 30 min, at some
stations in the shallow parts of the North Sea show only small
deviations of the extreme values of wave heights from the Rayleigh-
distribution. The wave heights at the exceedance probability level
of 0,5% are almost never larger then 15% and/or smaller then 10%
of the corresponding wave heights obtained from the Rayleign-
distribution. The Rayleigh distribution appears to be dCueptiULE
in shallow water as far as in the breaker zone (fig.3.2).

Moreover, there is an empirical relation between the signif-
icant wave height and {he actual water depth:

Hg = (0,4 + 0,05) d (9)

This relation is of importance for the determination of the
boundary conditions near the covast and in the deltaic areas
where the actual depth usually depends on both the tidal move-
ment and the wind effect during storms. Consequently, the bound-
ary conditions for waves in this areas often are determined uy
these two factors.
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3.4. The reference period of an irreg
Wave observations, necescary {or the determination of tie
boundary conditions in a deltaic, i.e. shallow, area cannot always
be obtained from the most favourable locations due to the high cost

of the measuring stations; ancther detrimental factor is the
usually limited observation time available [or sampling. Conge-
quently, boundary conditions must be derived from Knownwave con-
ditions, measured on stations situated some distance away from
the area concerned, by means of refraction computations. Theo-
retically, such refraction computations should be carried out
separately for all components of a directional spectrum and for
all circumstances of importance.
This approach is very laborious and often also inpractical, be-
cause of Lhe limitations set by the accuracy of both the statis-
tical evaluation of the available wave data and the final research
results. Therefore, a representative wave celerity C, or a repre-
sentative period T, must be defined in order to approximate the

refraction computations for an irregular wave field,if a much more
simplified computation method, viz. the refraction of the first
order waves has to be utilized.

The mean period T, as well as the statistical distribution
of all "individual' periods of a wave field can be computed from
wave records by the well known '"zero crossing' method.

A comparison of schematized refraction patteras, obtained by
radar with the computed refraction patterns in areas in which
also simultanecous wave records are available shows the following
results:




Al The mean period TR determined from the mean wave lengths

measured on the radar photographs and from the corresponding
depths, appears to be a linear function of the mean period Th

computed from the corresponding time series: Tp = 1,2 Ty

(fig.3.3). This result is of course only valid for that special
type of radar and that particular position of the radar emmitor.

B. The best agreement between the observed and computed refrac-
tion patterns is obtained when this "radar period" T. is used for

the refraction computations.

The schematization of the wave pattern on a radar photo-
graph 1s carried out manually and it is therefore not free of
subjectivism. Results obtained from schematization of the same
photograph by different persons, however, show only minor
differences. The significant differeunce of T, and T, is caused
by the geometry of the radar beam, because the smaller waves are
invisible behind the larger ones.

The value of the coefficient, which is 1,2 in the above mentioned
relation, depends on this geometry.

After discussing these results with the author, Ir. J.A. Battjes
of the Delft Technological University derived a theoreticsl value
of the coefficient from different types of spectra using the
energy transport function of linear sinus waves as a weighting
factor.

He found, t..at the values are in the range 1,2 + 0,1 and
explained the basis for the ressemblence between the observedand
the computed refraction patterns using this coefficient.

The "radar period" correction must be determined by similar
studies as mentioned above for each other types of radar or a

different location of the emmitter.
Ir. L.A. Koelé of the Rijkswaterstaat studied the correlation

between the wave heights and the periods of "individual waves'
using a great number of time series from the North Sea (fig.3.4).
His results which are not published, inspired the authors of the
papers No. 3 and 10 of this Symposium to publish analogeous re-
sults of model experiments.

The correlation shows a statistically reliable correspondence
between the significant wave height Hg and the period T, =
(1,3 + O,E)Tm. However, the correlation is rather poor which fact
is already stated by BRETSCHNEIDER (Ref.8).
This empirical result may be seen as an other argument for the
application of the reference period Ty = 1,2 Ty in refraction
computations.

DETERMINATION OF THE BOUNDARY CONDITIONS FROM A REFERENCE STATION.

The deeper insight in the problems concerning the irregular
sea waves asked for better laboratory techniques. Also the demand
for observations are changed qualitatively and quantitatively so
as to provide the boundary conditions for the extensive engineering
projects in coastal areas. However, the engineering decissions have
to be based on long term observations and especially for this pur-
pose the data from the wave gauges are usually insufficient.
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Moreover, it is not possible to construct a great number
of stations in the sea on account of both the cost involved and
the time consuming elaboration of the data. For large projects
such as the Delta project or the Buropoort project a limited
number of reference stations have been set up.

Long series of data may be obtained e.g. from the visual
observations on light vessels and/or the visual observations
performed on a board of merchant ships or by using the computed
wave data from the long series of meteorological observations of
wind velocity and direction.

Single visual observation of wave heighl should be freated
with certain reservation because of the inherent subjective
character. The comparison with instrumental wave gauge readings
may give an insight in the reliability (fig.%.1). Analogeous
arguments hold true for the value of the wave data computed from
the observed wind conditions.

The statistical distributions of the parameters defining
the irregular wave fields i.e. the significant wave heights Hs’
the representative periods T, and the mean directions of the wave
propagation 8y, may be of importance for the determination of the
boundary conditions which are required for many engineering pro-
blems. They must be derived from a long period of observations.
There are, however, not many stations in the world with series
of wave recording longer than 5 years. Conseyuently, the data
have to be extrapolated for the exireme conditions from rather
few samples.

The distribution functions can almoslt never be described by
formulae and the extrapolation becomes a very rough approximation
especially because of the significancy lines of GUMBEL (Ref.9).

An example of the discrepancy between the statistical data
on wave heights obtained from the Lightvessel"GOEREE" is given
in fig.4.2 for two observation periods. It is obvious from this
figure, that a mathematical solution of a decision problem con-
cerning an engineering project usually does not show a very
significant minimum of the sum of initial- and maintenance costs
if it is based on such data.

In the same figure the probability distributions of wave
heights computed from visual observations and from readings
obtained from the wave gauge "TRITON" (5 km offshore Scheveningen)
are combined in order to determine the errors which might be ob-
tained from the direct comparison of both distributions.

DETERMINATION OF THE CRITICAL DRAFT OF SHIPS IN A NAVIGATION
CHANNEL

The depth below mean sea level of navigation channels in
shallow waters determines the economy of many large harbours.
The vastly increasing dimensions of the oil tankers and bulk-
carriers call for still deeper channels. The costs of initial-
and maintenance dredging increase more than proportionally to
an increase in depth.

The physical factors which primarily influence the choice
of the safe depth for ships of a certain mean draft are:




. tidal variation of the sea level
. wind-effect on the sea level

. roll, pitch and heave of the ship
. squat of the ship

A statistical method resulting in empirical probability
function for the determination of the safe depth in the channel
is described at the International Navigation Congress in 1964
(Ref.10). In that paper, the authors contribution deals with the
empirical probability function for the combination of the first
three factors using a mean response factor for determining the
movement of the ship in a wave field (fig.5.1 and 5.2).

Economic decisions can be made by using these figures. The
necessary depth of a channel can be determined provided the costs
of initial dredging, the costs of maintenance dredging, the sta-
tistics on the density of navigation and their economical value
for different types of ships are known.

The result of this three dimensional statistical analysis
is the probability function which allows to determine the mean
value of the risk of touching the bottom for a ship with a given
mean response factor @ to the waves. The response factor a however
is a function of three other main factors: the frequency of the
wave-components of the energy density spectrum, the direction of
the wave propagation in respect to the ship's course and speed
of the ship.

The response factor could be applied to a Rayleigh distri-
bution of wave heights in order to compute approximately the
corresponding probability distribution of the deepest draft of
the ship's.

The position of the deepest point changes continuously. It is
determined as a sum of the three possible motions i.e. roll, pitch
and heave.

The behaviour of large ships subjected to different types of
wave fields are studied in a model basin in which it is possible
to generate irregular waves.

Another study is undertaken in order to check the model re-
sults on a larger scale (approximately 1:5) in the North Seausing
a self propelled barge with dimensions roughly corresponding To
those of a tanker. It was impossible to use an actual tanker for
experiments under the critical conditions because of the financial
risks.

Some preliminary results of this research are given in fig.

- 5.3,

This research opens the possibility for refining of such
conclusions which are already given in the paper mentioned above.
The risks of touching bottom for the largest ships, which want to
approach the harbour under critical conditions, can be eliminated
by the decision that the ship have to remain in deep water.

The economical loss caused by a delay of a tanker and the
probability of the delay of a certain duration is a determining
factor when loading the ships. The danger of an accident like the
well known grounding of Torry Canion may very well determine the
level of risks to be permitted by the harbour authorities. For
both reasons, operational guidance is necessary. This guidance
should be based on an on-line analysis of wave fields and water
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levels and on a short time prediction of both.
The following method is in development for this purpose:

A,

On line analysis of the record of a permanent wave station
near the navigation channel will give an energy density
spectrum of waves which is representative for the data sam-
pling period depending on the importance of the lowest fre-
quency components. This sampling period is about 30 min for
the North Sea, so the mean value of the spectrum isobtained
with a delay of 15 min. The mean direction of propagation of
the wave fields will be derived from radar-observations.

Continuous registration of filtered variations of the sea-
level will give the corresponding value of the reduction of
the recente soundings in order to get the critical depth in
the channel.

The energy density spectrum of the ships movement will be
computed for the types of ships approaching the channel.
The following data are necessary: the speed, the course and
the type of the ship concerned and the response functions
of the ship's movements corresponding with these data. It
is to be expected, that there will be only a limited number
of types of the very large ships. The companies concerned
will provide these necessary data when detrimental effect
and economic loss of eventual delay's become apparent.

The probability distribution of the maximum draft of the
ship will be determined from the spectrum of the ship's
movement, corrected by squat. The squat may be approximated
by using the data mentioned above.

The check on the danger-probability level by comparing the
results of the computations with the accepted risks-criteria
determine the time necessary for warning the ships commander.
The expected change in weather conditions and the state of
sea must also be considered by cooperation with a meteorol-
ogical service, and the expected delay can be passed to the
commander.

BOUNDARY CONDITIONS ON WAVES IN DESIGN OF A DIKE

The sea dikes of the modern type in the Delta are designed

so as to allow a limited overtopping by waves under conditions
which never were observed before. These conditions are determined
by the critical storm defined by the critical storm surge level.
This level is the result of an economical decision study. The mean
probability of occurrence of this storm or of a higher one within
a century is fixed to the value of 1%.

Only 2% of the wave tongues are accepted to overtop the dike

during the above critical stormconditions.

Delft Hydraulic Laboratory carried out experiments in the

wind flume in which certain boundary conditions, heights and
profiles of dikes were used.

Hence the choice of the design profile is strictly related

to certain critical boundary conditions which, as we hope, will
never be experienced in the nature. Moreover, the boundary con-
ditions will change in the course of time by the changing mor-
phology of the area to the seaward of the dike. The design of




the dike and especially the determination of the height isalmost

impossible without further schematization of the problen.

The following assumptions were made when determining the
profile of the dike in one of the delta estuaries i.e. "Brouwers-
havense Gat".

A. The mean direction of propagation of the waves on the North
Sea is determined by the expected direction of the critical
storm wind, which is North-West. The corresponding water
level with the above mentioned exceedance probability is in
this area about 5 m above mean sea lev 1.

B. The waves in the estuary are smaller than the sea waves
because of breaking on the outlaying shallow banks. The
significant wave height is limited to: Hg= 0,6 4 whioh is
about 30% too high as compared to recent observation data
which were not available at the time when the decision on
the design of the dike had to be made (1964).

C. The wave height is further determined by the refraction
coefficient computed from refraction computations using the
reference period T, = 12 sec. This period is probably too
long according to our present knowledge.

D, The critical significant wave height can be approximated by
Hg =¥ L H2, in regions in which two or more significantly
different directions of wave propagation ©x occur. Hy is
the significant wave height corresponding with the direction
Bky k = 143250000s

E. The boundary condition is determined at the distance of
about 200 m of the dike. This is the distance, which can be
reproduced on scale in most of the laboratory flumes.
Moreover, at this distance the reflection of irregular waves
does not significantly affect the wave pattern induced by
the wave generator.

The results of the construction of wave rays is shown in fig.
6.1. The significant wave heights between neighbouring rays in
deep water is computed along their tracks using the theory of
constant energy transport. Corrections of this significant wave
height H. are computed for each point where the depth is less
then 0,6 Hg (Assumption B). For the determination of the bounda-
ry condition i.e. the significant wave height 200 m out of the
dike, the principle of superposition is applied (Assumption D).
In fig.6.2, the significant wave height along the dike is
shown (graph A). In order to check the breaking condition for
the total result after superposition, the maximal significant
wave height Hg = 1,3 d which is possible for depths along the
line 200 m out of the dike is determined (graph B). For most
of the points of the dike two values can be obtained from these
graphs; the lowest value found is used for the critical signif-
icant wave height at that particular spot.

Sk The value Hg = 5 m is chosen to be the representative boun-

dary condition for whole the dike.

A second group of computations were carried out based on the
possible changed bottom conditions. This change is expected after
the estuary has been closed. A comparison of the results showed
that the critical significant wave heights in future cannot be
higher than the chosen boundary conditions.

12

i 4]




2*.

3*.

4o

10.

REFERENCES

BISCHOFF VAN HEEMSKERCK, W.C. and BOOY, N.
' Finantial optimalization of investments
in maritime structures.
Paper No 11 of this symposium.

KINSMAN, B. Wind waves 1965, Prentice Hall, Inc.
Englewood Cliffs, New Yersey.

STOKER, J.d. Water waves 1957, Interscience Publishers,

Inc. New York.

IPPEN, A.T. and others, Estuary and coastline hydro-
dynamics, 1966, McGraw-Hill
Book Company.

RICE, S.0. Mathematical analysis of random noise

1941,

LONGUET-HIGGINS, M.S. On the statistical distribution of
the heights of sea waves.
Jour .Marine Res.1952,-11-(3) pp.2k5-266.

CARTWRIGHT, D.E. and LONGUET-HIGGINS, M.S. The statistical
distribution of the maxima of a random
function. Proc.Roy.Soc.1956 A 237 pp.
212-232.

BRETSCHNEIDER, C.L. Wave generation by wind, deep and
shallow water.
Ref.4, chapter 3.

GUMBEL, E.J. Statistics of extremes. New York 1958.
AGEMA, J.F. The study of the motion of sea going
KOPPENOL, P. vessels under the influence of waves,
QUDSHOORN, H.M. wind and currents, in order to determine
SVASEK, J.N. the minimum depth required in port ap-
SWAAN, W.A. proaches and along offshore berthing

structures for tankers and ore-carriers.

International Navigation Congress
Stockholm 1964,

* indicate hand books containing references to original papers.

13

T




WAVE HEIGHT IN METERS
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DISCUSSION ON PAPER 1

J.A. BATTJES

Delft University of Technology, The Netherlans

It is pointed out by Svafek that in certain computations the ener-
gy of a random wave field, with a continuous spectrum, is lumped at a
single frequency, This procedure is sometimes applied in problems of
refraction, even though this is a frequency-dependent phenomenon for
the waves being considered. However, neither the shortcomings nor the
merits of the procedure will be discussed here, The purpose of thigs dis-
cussion is merely to provide a criterion which may be used in the deter-
mination of an "equivalent" monochromatic wave train, and to give ex-
pressions for the "equivalent" height and period resulting therefrom,
The criterion which has been adopted here states that in deep water the
monochromatic wave shall have the same average energy and energytrans-
port as the random wave field, The term "eguivalent" refers to this con-
dition only and in no way implies the correctness of the simplifying
procedure,

At first, waves which are long-crested in deep water will be con-

sidered, Let f;&@ be the energy spectrum, with moments
oo
P
oy« [ e Sy e (1)
o

The energy content per unit area is Cyd%’ and the equivalent height of

the monochromatic wave is given by

FH = om (2)

The condition of equal energy transport may be written as

/ 2 had
Py Gy - /g,/w) St ol (3)

} 4//2}ﬁﬁ>:;?LJa4d
{/i31ﬁddéo (4)

The equivalent group velocity appears as the average group velocity of

or

%e;

the spectral components, weighted with the spectral density SQ%».

In deep water, €;==3%3==}7>/9F .‘It then follows from (4) that the

equivalent period is given by

= 277 —
A
0

- (5)
Z
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It is convenient to compare this value with 4m., the mean zero up- or

down-crossing period:

/)770
=27 Vo (6)
Thus
T o,
Z’; - M‘/z (7)
If
/ £ o
S(w):aw- ,&— (8)
then 4 %4 2.3
Teg, f/;)f/i.?") ,
w——=_——"~;/;-_——~_’_— \9)

7 L=t
- [ (=)
Numerical values are given in Table 1 for a spectrum which is similar

to a Neumann spectrum, a Bretschneider spectrum or a Pierson~-Moskowitz

spectrum,
¢ 4 e [ o
Neunann 6 2 1.2%
. Table 1
Bretschneider } 5 ) 1.920
Pierson-Moskowitz

It is possible to carry out an analogous averaging procedure for
waves which are short-crested in deep water, The group velocities in
Fqs. (3) and (4) should then be treated as vectors, For a numerical es-
timate the energy is assumed to be confined to components travelling
within + 90°from the resultant direction o= 0, and to be distributed

according to cosx . Eq. (7) is then replaced by

7 S X
€¢ -~ 2
7 - 7[//)1) 22y V% (10)
Ed o
in wnich
e
P1#l
/Cay o ol
Hr) = (11)
/ Ca-:ﬂo( a[DC

Common values of 7 range from 4 to 10, with a corresponding range of £1#
from 0.91 to 0,96. Thus, if the averaging procedure is applied not only
to the ffequencies but also to the directions, the values of Z;/&:m lis-
ted in Table 1 should typically be reduced by 5% to 10% approximately.
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