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PREFACE

During 1991, Mr. Andrew Laing, Chairman of the CMM Sub-group on Waves, circulated a
questionnaire related to the most important subjects for the WMO Wave Programme. His valuable
analysis was reported to the Eleventh Session of the Commission for Marine Meteorology (Lisbon.
1994), which served as the basis for formulating the priorities for the new Sub-grouip and to establish
the work for the intersessional period. One of the highest priorities was given to the development
of techniques·for prediction of the highest wave in a storm.
This priority was given inthe basis of the simplest of facts: During a two-day long storm, nearly ten
thousand waves may pass a point at sea. They can of course be of different height, and some times
it is enough for one wave to be sufficiently high (and/or steep !) to cause damage. Common practice
in calculating an individual maximal wave height is to consider a wave record of 1000 waves and
then to define a wave with a 0.1 % cumulative probability as the maximal. The evaluation of the wave
height distribution in a given storm makes it then possible to estimate the maximum height, not at
random, but taking into consideration the storm parameters. This is the reason why prediction of the
highest wave is of critical and practical importance. Strangely enough this subject is not well covered
well in the marine meteorology regulatory materials, educational documentation and research papers.
The purpose of this report is to endeavour to fill this gap.
This report has been jointly prepared by Dr. Alexander Boukhanovsky of the Institute for High
Performance Computing and Data Bases (S1. Petersburg, Russia), Prof. Leonid Lopatoukhin of the
State Oceanographic Institute (S1. Petersburg, Russia) and by Dr. Vladimir Ryabinin of the
Hydrometcentre of Russia (Moscow, Russia). The sincere appreciation of WMO in general and CMM
in particular is offered to all and each of them for their work and efforts which will certainly be an aid
to all maritime Members and also help to fill a gap in this important field.
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INTRODUCTION
Evaluation of the highest wave in a storm is of
particular interest for many branches of
maritime activities. Ship design, navigation,
operation of various off-shore structures,
regulations for marine navigation, ship wreck
investigation· are all in some way based on
estimate of a wave with the maximum height
hmax possible in given meteorological conditions.
Underestimation of hmax makes the construction
less safe and increases the risk of its
destruction.
In this light it is relevant to note that the cost of
rescue operations including measures to restore
the environment in a case of a major accident
can exceed the cost of the construction itself.
Overestimate of hmax leads to extra investments.
Each "extra" meter of a construction height is
known to cost approximately a million of US
dollars.
Last years were marked by a considerable
progress in wind wave research, modelling, and
prediction. However, while the importance of
adequate knowledge of hmax has been
recognized for a long time by many users, there
are not any widely recognized methods of
obtaining such estimates.
Wave measurements at automatic buoys are
useful in this context, but usual wave
observations are reported each 3 hours and the
duration of a wave record is usually not longer
than 20 minutes. Thus cumulative length of a
wave record for, say, a day does not exceed
1/10 of it. Thus it is quite probable that a wave
with the maximum height will occur during the
rest 9/10 of the day. This is why a very
important scientific question of the WMO Wave

Programme is "How one can determine the
highest wave in a storm using a 20 minutes
long wave records?"
Evidently, hmax depends on a combination of
wave generating conditions, which includes
wind speed, duration, fetch, etc. So, evaluation
of hmax is to be based upon a joint use of
hydrodynamic and statistical techniques along
with taking into account all conditions affecting
wave growth.
Each particular value of hmax is random. It may
exceed a given threshold with a certain
probability. Hence, probabilistic characteristics
of maximum wave height are functions of
spectral structure of the process and of
In the
probability distribution function.
quasistationary interval a waverecord may be
represented as a sample of a stationary
Gaussian random process with the Rayleigh
distribution of wave heights. For a single storm
the nonstationary evolution of spectrum S~(w, t)
and wave height distribution should be
considered. For a sequence of storms one will
have a cyclic nonstationarity with spectrum
S(w,Q) depending on two frequencies. Wave
climate characteristics such as seasonal and
interannual variability may be represented by a
periodic-nonstationary
pro-cess
with
a
combined wave height distribution [1].
In the present note we consider only the
problem of statistical estimationof the highest
wave in a single storm. Issues related to
evaluation of highest waves in a series of
storms or those for longer periods (months or
years) as well as n-years wave parameters
deserve a separate publication.
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SECTION 1
ESTIMATION OF MAXIMAL WAVE HEIGHT IN A STORM
First attempts of the highest wave estimate
were based on using the statistical distribution
of wave heights for the quasistationary interval
(see [2]):

F(h) =1-exp [-

~ ( ~r]

(1)

Generally speaking, maximum height must be a
random, while equation (2) implies that hmax
takes a deterministic value. It means that
instead of exact estimate of hmax one has to
have some statistical distribution. Distribution of
maxima for a series of N independent random
numbers is equal to

FhrnaxN (x)

=

[F (X)]N

(3)

Here n denotes mean wave height.
(see [4]).
It is relevant to note, that the quasistationary
interval is a time during which variations of
wave field due to sample variability do not
exceed those caused by change of external
forcing. Relation (1) is very well corroborated by
a considerable number of wave observations
[3].
Value hmax is often determined as a certain
quantile of distribution (1), which is calculated
using relation p=F(h p), i.e.
(2)
and Kp is a coefficient. For example, for p=0.01,
while for p=0.001, K p=2.97. It is worth
recalling that several important Rayleigh
distribution (1) quantiles may be determined
using the following simple relations:

Equation (3) is valid for completely independent
values of wave height in the record. If they are
dependent, which is the case, one has to know
a joint probability distribution of sequential wave
heights. Taking into account that correlation
coefficient for two consequential wave heights
is equal to 0.5-0.6, and that for every second
wave it is getting less than 0.2 (see [5,6]),
series of wave height may be sufficiently
accurately represented by a Markov chain.
Then, instead of distribution (3) one can write
(see [7]):

K p=2.42,

h 1/3 =1.60n,
h1/3=0.78h1l1o,

h3%=1.33h ,

1/3

h =2.11n'3%

etc.
They are often used in various applications.
Formula (1) implies that hp --+00 while p --+0.
Thus, hp (or h max) is in principle allowed to take
any positive value. In order to impose an upper
limit on the range of possible values h max , the
length of the quasistationary period is often
taken equal to passing time of 1000 waves.
Thus, for mean wave period of 7.2 s this interval
will be 2 hours long. Correspondingly, the value
p=0.001 is chosen for the probability.

Here F~(x,y) denotes joint distribution of
consequential maxima, and F(x) is the
distribution function for maxima. Calculations
show that relations (3) and (4) for estimation of
h max in a wave record result in differences not
exceeding 10%. Thus for the actual calculations
relation (3) can be used, which is simpler.
Distribution (1) is of exponential class, and, with
increasing N, its exact expression (1) converges
to the first limit distribution (see [4]):

Scale and location parameters in the distribution
(5) , which are respectively denoted as aN and
bN, can be expressed in terms of function n of
original distribution (1) (see [1]):

- 2 Table 1
Parameters, moments and normalized quantiles of asymptotic
distribution of maxima and of the Rayleigh distribution

N

aN

bN

ho.oln

ho.sclfi

ho.9s/h

ho.9g1h

M[hmal

30
50
100
1000

3.27
3.50
3.BO
4.66

2.0B
2.23

1.74
1.92
2.13
2.73

2.19
2.33
2.52
3.05

2.99
3.0B
3.20
3.61

3.49
3.54
3.63
3.95

2.26
2.57
2.57
3.09

11

aN

{iiInN
-

=

2.42
2.96

b

h

N

= 2h

VnlnN

(6)

Then (see [1]):

mx = M(hrr••,/fi) = (

~ I~N ) ( 2+ 0i~;)
1.28

(7)

(B)

VnlnN
x

=
p

h
p,N

/h

=

VnInN

(2 _In (InN- Inp).) (9)

Here mx' ox, x p denote, respectively, the mean
value, standard deviation and quantile of
distribution (5).
Table 1 shows first two
moments of distribution (5) along with its
several parameters and quantiles for a number
of values of N. As N increases, mean value
M(hmalh) also increases while the standard
deviation decreases.
For N=1000, median value of maximum is
ho.sclh=3.05. Hence, the estimate hmalh=2.96,
which follows from Rayleigh distribution (1), is
biased relatively the median of the distribution
of extremes. If the value of N is given, all
parameters of distribution (5) are determined,
and it means that a probability interval is
prescribed for the maximum wave height
estimate.
.A comparison of distribution (5) with
observations is shown in Fig. 1 and Table 2.
Wave records in the northern parts of Atlantic
and Pacific oceans, in the Barents, Baltic,
Caspian, and Okhotsk seas were used.

O[hmall
0.39
0.37
0.36
0.2B

The maximal wave height was determined for
each record of N waves, and a sample
consisting of m highest waves was selected. A
good correspondence may be seen that
confirms the possibility of using relations (5-9)
for determining the maximum wave height in a
quasistationary records.
This conclusion is also supported by the autoregression wave height probability simulation
(see [1]). Wave height samples consisting of
20, 30, 50, 100, and 1000 waves were artificially
simulated in that study.
For each sample the maximum value was
determined and distribution Fhmax,N(X) was
evaluated. A similar result was obtained
independently using an auto-regression model
of the wave field (see [B]).
According to the asymptotic theory the
probability, that maximum wave height exceeds
four times mean height, Le. hmax > 4 h, is very
small. E.g., M[hmaln] =3.92 for N=1 00000 with
5% upper confidence level of probability interval
equal to 4.29. However, it is evident that
quasistationary conditions are not satisfied
during the passage of 100 000 waves. As
evidence shows, even in a record consisting of
1000 waves hmax not very rarely exceeds. This
means that maximum wave distribution
function does not precisely correspond to
relation (1). Actually, waves are the
manifestation of a non-stationary random
process. Hence, the use of any statistical
distribution requires that a storm should be
subdivided into a sufficient number of
quasistationary wave records each having its
own value of h. Changes of h will then affect
overall wave height distribution for the storm,
and this can be described by the following
equation (see [10,11]):

- 3 Table 2
Extreme wave height probability distribution parameters computed using several schemes

Asymptotic theory
N

Model

Experiment
Ox

Me

Q

m

Mx

ox

2.13

0.34

2.09

0.44

23

2.10

0.35

0.45

2.25

0.33

2.22

0.43

44

2.26

0.30

2.52

0.41

2.32

0.30

2.32

0.41

48

2.36

0.29

3.04

0.34

3.20

0.266

2.95

0.90

51

3.00

0.26

Mx

Ox

Me

Q

Mx

30

2.26

0.39

2.19

0.48

50

2.40

0.37

2.34

100

2.57

0.34

1000

3.09

0.28

Note: Q denotes interquartile range, Mx is mean value, Me is median, Ox is standard deviation.
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a. Distributions of maximum wave height from
samples of 50 (+) or 100 (x) waves in Gumbel
probability plot (an experiment).

b. Maximum wave height standard deviation
estimated by several methods:
+ - field auto-regression (see [8]);
x - exponential auto-regression (see [1]);
o - observations;
o - asymptotic theory.

Fig. 1. Comparison of distribution (5) with observations.

G(h) =

f F(h,h)

f(h) dh

(10)

o

In this formula F(h,h) denotes wave height
distribution during the quasistationary interval,
for which relation (1) is applicable. For f(h )
(see [1]) there is no reliable asymptotic
distribution. So, instead of using any relation for
f(h) , one can prescribe the evolution of mean

wave height during the storm. Let us subdivide
the storm into several temporal intervals t 1 , t2 ,
t3,.·.,tM. During each of them the wave field may
be represented by a quasistationary distribution
with parameters hi and Ti, where T is mean
wave period. Number of waves during interval t j
is estimated as t/Tj ,. Then, using the theory of
extremes for a sample, we can derive the
following expression for the maximum wave
height distribution during time interval S:

- 4 (14)

Transformation of expression (11) and passage
to the limiting case of tj-+O gives the final
expression, which was obtained by L.E.
Borgman (see [11]):

s
Fm (h)

=

Jo.

exp InG(h,U(t»

dt
=-

Power B is usually close to 0.5, and parameter
A varies from 3 to 10. It is clear, however, that
relation among nand T is governed not only by
wind speed but by some other factors.
Nevertheless, for the purpose of this study it is
possible to take values A=4.8 and B=0.5, which
were previously determined using waverecorder
data in study [3].

(12)

T(t)

Let us consider the formula for maximum wave
height for the interval of nonstationary evolution:

In this expression we have to prescribe
functions T(t) and F(h,t), which depend on
meteorological conditions, etc.

Fm Ch) ;

expf,n(

1-exp [_

o

The easiest way of making formula (12)
practically usable is finding its relation to the
evolution of mean wave height during the storm.
It can be expressed by function 11(t), tE[O, S].
Wave height distribution is known to be
expressed sufficiently well by formula (1)
although some authors (see [12,13]) suggest
that two-parameter Weibull distribution

n(~)
2]) dt
4 .h( t)
A/h( t)
(15)

As it is supposed that hmax > 11(t). then

exp [_ n (

~) 2] « 1

4 h(t)

Using the well known Macloren series
(13)

is preferable. Here hs is significant wave height,
P are parameters (combination a=2, p=8
corresponds to Rayleigh distribution).

0,

According to existing publications (see, for
example, [12,13]) observations correspond to
the range of 0 from 2.0 to 2.5. It may be also
shown that differences between Rayleigh
distribution and the one corresponding to
expression (13) do not affect the results
considerably.
Besides,
not
all
wave
measurements match relations (13) well (see
[1,3]). So, Rayleigh distribution, which is
simpler, will be used in the analytical
transformations below.
To use expression (12) one needs a relation
between wave heights and periods. Some
earlier studies (reference is made, e.g., to [9]),
and analysis of wave buoy data along the North
America coast (see [14]), the Alaska Bay, and
USA coast (see [15]) showed that almost all
statistical relations corresponded to the
expression:

In(1-x)

x«1

=-

x2
x3
- - + O(x 4 )
2
3

x- -

the logarithm in the integrand is substituted by
the first term in the series, Le.

-ex+~( h~tJ]
Then it follows that

n(~) 2]) A/h(t)
dt

FmCh); expJ( -exp [_
o
4 h(t)

(16)
An analogous derivation was used by Borgman
(Borgman, L. E., Probabilities for Highest Wave
in Hurricane, J. of Waterways, Harbours and
Coastal Engineering Division, May 1973, pp185-207, see p. 191).
Let us also check additionally the derivation of
the basic formula assuming that 11(t) = b + at.
Then taking the integral with respect of mean
height (Le. by using the change·of variables
dt= d 17 (a), we will get

- 5 Let us set M+1 values of nj(t) during a storm.
Let they occur at times T j . Between times Tj
function nj(t) is supposed to be linear with
factor:

11 ;+1 -hi

Now we will make the change of variables

a.--I
7;+1 - T;

u=n(h)2
411'

This procedure does not limit the usefulness of
the method, because according to the
Weierstrass theorem by increasing the m
number any arbitrary function can be
approximated with any given accuracy by a set
of m piecewise linear segments. This approach
results in the following final expression for
maximum wave height distribution during a
storm (see expression (18) below).

d(h)=~h/[2u 3l2] ,
and

h=~h/IU
Then
TTh 2

4h

Fm(h)

=

exp

2

fro

exp (-u) [n/4]1/4
U 5/4

TTh 2

{fi

du

2Aa

4h o2

The above integral is converted to an equation
containing the r function:

(h) = exp { [n/4]1/4 ffj r
M
2aA vIJ -1/4
v

( n4 [!!...]
h
m

.'4n [!!.-.])}
h
0

(17)

u

Here no , n m denote minimal and maximal
values during time interval S. Minus sign in
exponent (17) (contrary to (16» shows that the
function
is
exponentially
decreasing.
Correspondingly, the limits of the integral are
changed too.
Higher order polynomial fit ofn(t) does not allow
expressing the integral in terms of gammafunction because the integrand contains an
additional power factor. Thus the most
practically useful way of evaluation of maximum
wave height distribution should be based on a
piecewise linear approximation of function n(t).

Generalized gamma-function in expression (18)
was calculated using trapezoidal approximation
with number of segments determined by the
Romberg scheme. Quantile equation was
solved with the method of dichotomy. If number
of grid points (m) in the integration scheme is or
order of 1000, the relative error of the maximum
wave height quantile evaluation is of order of
0.10/0.
Let us consider the results for several well
known storms. The series of storms will include
"Storm of the Century" and "Halloween Storm"
(see [16]), hurricane "Camille" (see [17]), and
several storms described in the monograph [1]
and research papers [13,18,19].
Table 3 gives a short summary of the storms.
Most of wave records were 15-20 minutes long
and were separated by time intervals of 1-3
hours.
Three quantiles of maximum wave height for all
the storms are summarized in Table 4. They
were
computed
using
equation
(18).
Comparison of data in Tables 3 and 4 shows
that wave heights estimated in the referred
publications appear similar to the results of
calculations using relation (18). As relation (18)
prescribes no upper bound on the maximum
wave height value, one has to specify a given
quantile. It seems that quantiles corresponding

(18)

- 6 Table 3.
Short storm summary and associated wave estimate

2

3

4

5

6

7

SaC

HS

QWSJ

Camille

Halten

Baltic

Caspian

[16]

[16]

[19]

[17]

[13]

[18]

[18]

USA
Atlantic
coast

USA
Atlantic
coast

North
Atlantic

Gulf of
Mexico

Halten

Baltic
Sea

Caspian
Sea

March

Qct. 26Nov. 22,

Dec.

Aug. 17,

Nov.

Nov.

Jan.

1969

1991

16-18,
1959

1-3,
1980

24-25,
1984

13-14
1975

N

1

Name of
storm
Location

Dates

12-15,
1993

Duration S,
hours

75

72

48

16

72

30

10

11 max

-

-

-

8.1

-

2.9

3.2

(h 1/3 ) max

15.9

16.9

12.0

13.4

8.8

-

-

h max

>30

>30

-

23.6

13.7

7.0

8.85

(observations)

Note: SoC stands for the "Storm of the Century". HS is the "Halloween Storm". OWS stands for "Ocean Weather Station".

Table 4
Computed maximum wave height distribution quantiles for storms summarized in Table 3
No. of storm

1

2

3

4

5

6

7

hmax50%

28.5

32.5

22.6

23.8

15.7

9.0

8.4

hmax90%

31.7

36.0

25.1

26.6

17.4

10.0

9.4

hmax95%

33.1

37.3

26.0

27.9

18.2

10.4

9.3

to the 90-95% probabilities can be chosen as
the upper limit.
There are some other methods for estimation of
hmax(see, e.g. [13,18]). To ease the comparison
of results, Table 5 gives some estimates for
storms No. 4, 5, and 7.
A method of maximum wave height distribution
assessment is proposed in [13], which is based
upon numerical integration of equation (11). It
provides mean value of maximum wave height
<h max > and the standard deviation a hmax •
Another approach (see 18) uses Weibull

distribution of wave heights in a storm. In Table

5 one can find the results of computations of
<hmax> and of ho.975 , which is the upper bound of
exceedence probability range centered at 95%.
The results of other methods are close to
computations based on relation (18).
For example, the estimate of maximum wave
height in storm No. 5 (see [13]) is close to
estimate of hmax50% (see Table 4). However, only
equation (18) provides the user with more
complete information on maximum wave height
distribution, which may be useful in a wide
range of applications.

- 7 Table 5
Some other estimates of maximum wave height

Reference

Height, m

[18]

Storm No.

4

5

7

24.5

-

8.3

15.2

-

0.9

-

hO.975

28.8

°hmax

-

[13]

---0000000---
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SECTION 2
MAXIMUM WAVE HEIGHT AND STORM DURATION
A relation between the maximum wave height in
a storm and its duration represents a
considerable interest in many practical
applications.

threshold for a storm. In [20] the value hv=1.6 m
was taken. Notation 113 is used for the average
significant wave height in the storm.

n

Significant wave height in a storm is a random
function centered at h1/3 (T). The evaluation of
maximum
wave
height
requires
the
determination of relevant characteristics of
corresponding scatter especially for higher (than
average) waves. An estimate may be obtained
by the introduction of the standard deviation of
wave heights during a storm with a given (fixed)
storm duration S (see [20]):

Any general relation valid for all regions of the
world ocean is not likely to exist. However,
some approximate estimates can be obtained.
There are some storm classifications based on
the account of storm duration S. They were
proposed using data of the weather station "M"
in the North Atlantic (see [20]), the Bay of
Biscay (see [21]), and along the coast of
Norway (see [22]). Information on a storm
duration is very instrumental for the evaluation
of the distribution of extreme wave heights in a
storm. One of the methods is described below.
According to [20], smoothed mean wave height
evolution in a storm is related to the storm
duration S (hour) as follows:

M[h(T)/S]

= -

M[h(T)/S]

=

M[h(T)/S]

= -

~(S,HV>

=

[~+T exp (-y In (Hv »)]2

Here coefficients
duration S:

~(S)

c[T-0.5(1-D)- ~f + hm

;

=

~,

v, y depend on the storm

0.44 - 0.18 exp [_ (

S

c[T-0.5(1 +0)- ~]2 + hm

;

) 1.40]

148.84
0 ~ T ~ 0.5(1-D)-~

0.5(1-D)-~ ~ T ~ 0.5(1+D)-~

hm

(21)

(19)

0.5(1 +D)-~ ~ T ~ 1

where
Hm

D

=

=

1+

~[ (1-:)3 +3 (1-D)i5 2]

0.58 -0.52 exp[-(_S_) 2.40]
69.90

Here ~t/S is dimensionless time, so 0 S
changes from 0 to S. For (dimensional)
significant wave height one can use the
following relation:

h1/3 (T)

=

;

(17 1/3 -

h v ) M [h(T) / S] + h v (20)

where hv denotes lower significant wave

c=2255 - 18.73 exp [_ (

_8_) 3]
84.72

~

= ~(S) = 0.16 exp (- 0.068 S)

v(S) = 0.078 (S - 3) exp [- 0.52 (S - 3)°·80]
y(S) = 0.23 (8 + 1) exp [-0.28(S + 1)°·50]
Dimensional function may be obtained using the
formula:
(23)

~

For a given S the random function h 1/3 is
characterized by the following distribution:

10 use relation (24) to compute random average
significant wave height. Then using relation (19)
one can get temporal variation of significant
wave height (later recalculated to average wave
height) during the storm. After that a piecewise
approximation of that relation is set up (a
trapezoidal expression may be chosen as the
first approximation).

Parameters a and A were found to obey the
following relations (see [20]):
a(S)

=

2.68 - 0.85 arctan[ln18.0 -InS] (25)

where

5.0

A(S)

=

0.35 + 0.30In(5)

For increasing and decreasing (with time)
significant wave heights their dependence on
time was well represented by a quadratic
polynomial. As equation (19) is not valid for
such functions, a piecewise approximation
consisting of 2 or 3 segments may well
represent the corresponding wave height
dependence.

4.0

3.0

o.

The Monte-Carlo approach is very instrumental
for the analysis of the maximum wave height in
a storm. The procedure is as follows. With
known duration of a storm (in hours) one can

50

100

150

200

S, hour

6.00
3.60

--- _!--

5.00

3.20

4.00

3.00

2. 00
20.00

--+rrT'T'T'"rT'T'T'"rT'T'T'"T"TT"T"T"TT"T"T"TT"T"T"TT"T"TTT"T"TTT"T"TTT'T"T'TT"T"T'TT"T"T'TT"T-r-r-M.....,...,

o

50

100

150

200

50.00

80.00

110.00 140.00 170.00 200.00

S, hour

S, hour
Fig.2. Maximum wave height ratio versus
storm duration S. Solid line shows the results
of calculations, diamonds show experimental
data
corresponding to the storms in Table 3.

Fig.3. Dimensionless quantiles of maximum
wave height versus against storm duration
(from bottom to top - 500/0(6,3), 75% (5,2) and
95%(4,1) probabilities). Median Me is shown
by solid line and median level Me+oh is shown
by dashed line.
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Fig.4. Average value and 900/0 confidence interval limits for 95%) dimensionless quantile of the
maximum wave height ratio in a storm. The estimate was obtained using relation (19).
As may be seen in Table 6 and Fig. 2, the best
fit of computations and observed maximum
wave heights is not for mean maximum waves
height but for M[h(T)] + Oh' The reason is that
the seven selected storms were not ordinary but
the strongest.
Adoption of regression relations for the
determin-ation of the maximum wave height
quantiles makes the computations considerably
simpler. They take the form:
3

hmiS)

=

hm(S)

LB

ip Si

(26)

i·O

Here p is the considered quantile of maximum
wave height distribution.Average dimensional
height hm(S) during quasistationary interval is
determined using relation (19). Coefficients for
the regression polynomial for probabilities
P=50 0/o, P=800/0, and P=95 % are given in
Table 7.

Expression (26) with coefficients in Table 7 is
shown in Fig. 4 in the form of a nomogram. The
nomogram gives median and corresponding sintervals of maximum wave height according to
maximal mean wave height and storm duration.
The same data is shown in Fig.4 for the 950/0
quantile of maximum wave height represented
by its median value and both sides of 900/0
confidence interval.
The figure clearly shows that probability of
occurrence of higher wave increases as storm
continues longer time. At the same time as S
increases, the confidence intervals become
narrower, which may be explained by existence
of deterministic limits of wave generation
factors.
Thus, the results of this work allow to estimate
maximum wave height in a storm in terms of its

- 11 Table 6
Computed50%-quantile of maximum wave heights for selected storms
and different levels of n m

No. of storm

1

2

3

4

5

6

7

M[n(T)]

22.3

26.0

18.5

22.8

12.5

7.4

7.7

28.0

31.4

21.6

26.1

15.2

8.6

8.8

33.8

37.5

25.2

29.5

18.2

10.0

9.9

M[n(T}] +

Oh

M[h(T)] + 20h
Note: see Table 3 for storm explanation.

Finally, relation (18) is used to obtain the
distribution function of the maximal wave in a
storm, and the equation for pre-determined
quantile P is solved. This approach results in a
reproduction of a random sample of quantile P
of the highest wave distribution in a storm of
given duration, which can be analysed using
methods of classic mathematical statistics.
To get a comparable measure of maximum
wave height variation for storms with different
duration, corresponding wave heights are
dimesionless, Le.:

h
h p =--.E...
hm
Here lln is maximal value of mean wave height
during the storm.

A considerable number of samples consisting of
500 elements were used to compute the relation
of averaged 50 %-, 90%- and 95%- quantiles of
maximum wave heights hm in a storm with
duration S.
They were determined for the centered curve of
mean wave height dependence on time (see
formula (19)) and for value shifted by Oh
relatively the mean value. For that formula (21)
was used. The results for the median of the
maximum wave height in a storm ( P = 50%)
are given in Table 6 and in Fig. 2 (in
dimensionless variables). Fig. 2 also shows the
results of calculations using relation (18) and
experimental data. It is seen that the median of
maximum wave height increases with the storm
duration with a tendency to have a kind of
saturation for longer durations.

Table 7.
Coefficients of regression polynoma

Function
Quantile

P=50%

P=80%

P=95%

Power

0
1
2
3
0
1

2
3
0
1

2
3

M[n(T)]

2.47358
0.0235428
-0.00016255
3.76896-10-7
2.70079
0.0225367
-0.00153736
3.52945-10-7
3.0469
0.020032
-0.00013367
3.01598-10-7

Oh

M[h(T)] + 20h

2.72315
0.0332471
-0.00020531
4.37258-10-7
2.89356
0.0361011
-0.00023029
4.96505-10-7
3.23274
0.0342216
-0.00022232
5.03302-10-7

2.8666
0.0489204
-0.00030183
6.22681-10-7
3.31175
0.0408001
-0.00024065
5.04729-10-7
3.66883
0.0448308
-0.00029671
6.55183-10-7

M[h(T)] +

- 13 distribution quantile For that either equation (18)
should be used or approximate expressions
(24), (26), which relate the maximum wave

height hmax to the storm duration. The
nomogram in Fig.4 illustrates the obtained
relations.
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SECTION 3
STOCHASTIC WAVE MODELS AND WAVE MAXIMA
It is worth recalling that the proposed approach
is based on statistical techniques exclusively. It
takes no account of any information on wind
waves and wave generating conditions, which
may be obtained via the hydrodynamic
modelling. The proposed technique considers
waves as a composition of various random
states, while actually waves represent a
stochastic field in continuous time and space.
Ideally, maxima of this field should be
considered in terms of the level crossing theory,
which in principle allows an a priori
determination of the distribution function
according to the spectral composition of the
inherent
stochastic
process
during
quasistationary interval. This eliminates the
problem of determination of wave height
distribution during the quasistationary interval.
Simulation of actual wave field could represent
an approach, which does not suffer from the
above limitations. Three groups of models may
be highlighted, which are useful for the
determination of extreme wave heights. They
include:
• Longuet-Higgins model [23] and its
successors. The model simulates a moving
stochastic surface of fluid using the Laplace
equation, and is applicable for the
quasistationary interval. Being the first model
in a class, it nevertheless exhibits a slow
numerical convergence, which limits its
practical usefulness. Besides that it is not
truly stochastic for the whole temporal
domain of definition and is not very
convenient
for
the
simulation
of
polymodulated polycyclic fields.
• Autoregression of moving average mean of
the wave ordinate [24]. The model simulate
a random wave ordinate in continuous time.
The convergence is acceptable. The model
is capable of simulating polycyclic
processes. Methods of the theory of random
processes are instrumental for the output

analysis. However, the model is exclusively
statistical
because
only
spectral
characteristics of the process are necessary
for representation of its behavior in time.
• Exponential model for wave height
autoregression [1]. Being truly stochastic,
easy to use, it is exclusively statistical.
Actually, it even is not a model of a random
process in continuous time but of a Markov
chain realization in a state space.
Correspondingly, there are some difficulties
of determination of the extreme values
through the ejection theory. Besides that the
model application is possible only if wave
height distribution is known for the
quasistationary interval.
A field autoregression model of wind wave has
all the advantages of the above model groups
and none of their deficiencies. It allows
simulation of a stochastic moving fluid surface,
satisfying
the
Laplace
equation,
with
corresponding initial and/or boundary conditions
(see [8]). The hydrodynamic system of
equations is satisfied through a special choice
of model coefficients that correspond not only to
the statistical structure of the field but to its
dispersion relation.
The results of using the model for the
computation of the maximum wave height for
the seven selected storms (see Table 3) are
summarized in Table 8.
There is a good correspondence of data in
Tables 8 and 3,4. Specification of confidence
limits requires multiple runs of the field
autoregression model.
The model is principally capable to simulate
nonstationary polycyclic polymodulated fields
both in time and in space. It produces a sample
of wave field for a time interval and/or for some
area. This allows using the level crossing theory
for the determination of return period of wave

- 16 Table 8
Computed wave height maxima (using model [8])
No. of storm

1

2

3

4

5

6

7

h max' m

30.5

33.6

24.2

24.9

16.3

8.7

8.3

height hmax, which is obtained through the direct
count of first wave ordinate crossings of any
predefined value.
This eliminates all problems related to the wave

height distribution (affected by correlation of
successive waves). Full scale implementation of
this approach will result in a reliable statistical
prediction of the maximum wave height in a
storm.

---0000000---
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