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ABBREVIATIONS & NOTATIONS

H - Wave height

L - Wave length

T - Wave period

£ - Wave frequency

m - Metre

K - Wave number

Ty - Angular velocity

a - Wave amplitude

C ~ Wave velocity (Phase velocity)
h,d - Water depth

f - Density of the £luid

P.E - Potential energy

K.E - Kinetic energy

E - Total energy

g - Acceleration due to gravity

S - Seconds, Sheltering coefficient
K /m - Kilowztt per metre

Hmax - Maximum wave height

Hs’Hl/3 - Significant wave height

H1/10 - Averaged one-tenth highest wave height
R - Mean wave height

P - Wave power

Cont'd.
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Standard deviation
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Chapter=l
INTRODUCT ION

l.1. Preliminaries

Although scientific studies on waves, which form an
important phenomenon of the global oceans, were initiated in
the early nineteenth century by the German scientist Franz
Gerstner, a detailed investigation of all the aspects of waves
is a recent activity. Not until the Second World War did it
become urgent to have both empirical and theoretical studies
towards enhancing our knowledge of sea-surface waves. The
state of the art before the war was confined to some theoret-
ical developments based on the laws of classical mechanics and
a few generalisations employing makeshift observations. Many
attempts at developing and verifying theories in this area
were inhibited by the difficulties experienced in gathering
observations of adequate precision. Inspite of these limita-
tions, recent works on waves such as the precise description
of the surtace of the sea provided by the oceanographers and
the method of spectrum analysis used by them have brought
forward the research in this area and its applications en the
design and sea-keeping qualities of ships to new and exciting
developments. For a comprehensive understanding of the wave

phenomena it is essential to supplement the notion of wave



spectrum with a detailed analysis of the factors that induce
wave generation and decay., The studies made by Hareld and
others to forecast wave and surface movements for naval
operations during the last World War provided a timely impetus

in this direction.

l.1.1. Relevance of wave studies

In the hydrosphere, sea surface is a most familiar
entity and its importance to human activities cannoet be over
emphasized., Accordingly investigations aimed at realising a
clear picture of this portion is of utmost interest and direct
practical implications. The major dynamic forces that lead
physical changes in the regions near the shores are caused by
wind waves. The importance of waves in the planning, design
and construction of shore protection structures, harbours,
water ways and other coastal facilities have been widely
recognised. With increased maritime activities like off-shore
oil exploration, utilisation of wave energy, construction of
maritime structures, movements of all kinds of vessels,
activities such as landing and take-offs of war planes from
aircraft carriers and laying of mines etc., the study of ocean

waves have earned added significance in recent years.

Any coastal engineering work requires a clear
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perception of the structure of waves in an around the design
area as also in the determination of zones of energy concentra-
tion. An accurate accouﬁt of the wave climate is an essential
ingredient in the extraction of energy from waves. Since the
effect of the waves in the surface is partially experienced
down the depths even submarine designs cannot overlook the

wave characteristics of the regions, the vessel is supposed

to operate.

Wave information is helpful in tracking the path and
even outbreak of storms. The small capillary waves produce
sea return on radar equipments and create noise interference,
which blank out the targets. These are only some examples
that reveal the ;elevance and importance of wave studies
from the strategic, economic and commercial points of view

with perhaps, more exciting and useful areas yet to emerge.

l.1.2. Wave parameters

In this section we focus attention on some concepts
and definitions that enable the analysis of wave characteris-

tics.

The maximum elevation of a wave from the mean sea
level is known as a wave crest and the lowest depression from

the same level is termed wave trough. The vertical distance



from crest to trough constitutes the wave height, H, while
distance between two successive crests is the wave length, L.
We define the period as the time taken by the wave to traverse
a distance of one wave length, which is denoted by T. It's
reciprocal f = T'l is the wave frequency measured in cycles
per kilo second. The ratio H/L is known as the wave steepness.
When the steepness exceeds one-seventh, wave becomes unstable
and breaks. Two other associated quantities are the wave
number K = 2%/L and the angular velocity w = 2%/T. The
vertical distance between from crest to mean sea level or

from trough to mean sea }evel is the wave amplitude denoted

by a. There is a simple relationship C = LT-l connecting the
wave velocity C with the wave period T and length L. On the

other hand, we also have

c= & tanmn (3“!_—"),

where g is the acceleration due to gravity and d, the depth

of water.

The above definitions relate to simple sinusoidal
progressive wave. For the actual ocean waves the wave para-

meters will be introduced in a subsequent section.



1,1.3. Waves in ocean

Sinusoidal waves are not found in the ocean. Ocean
waves occur as wave trains where the individual waves consti-
tuting the wave group travel with velocity corresponding to
their own wave length. The individual wave moving with its
phase velocity advances through the group because it moves
with a speed double that of the group. Finally it disappears
at the front of the wave train, to be follewed by the others.
In shallow water ( depth < % ) individual waves are progress-
ively slowed down and their phase velocity equals the group

velocity.

l.l.,4, Important wave theories

The wave theories describing the ocean waves are
mainly classified as small amplitude wave theory and finite-
amplitude wave theory, the former being considered as a first

approximation of the latter.

According to the small amplitude wave theory, the.
orbital motion of particles becomes negligible at a depth
h = f% . In the case of shallow water waves, the particles
generally exhibit an elliptical motion. The horizontal

displacement remains constant whereas the vertical displace-

ment is equal to the amplitude at the surface and zero at the



bottom. Deep water wave particles exhibit circular motion.
The radii decrease exponentially with depth. The vertical

displacement is equal to the wave amplitude at the surface.

The wave celerity is given by the relation

c® = k! g tanh (kh)

Wave energy is expressed in terms of average energy
over a wave length per unit surface area. The total energy
of a wave system consists of components of the potential and
kinetic energies, the average potential and kinetic energy

density being given by the relation,

1 2
P.E. = zfga
and

K.E. = %fga2

where f is density of the fluid. For a small amplitude wave,

both the quantities are same and hence the total energy,

E = -2l-j"ga2

Wave energy travels with the group velocity and is

transported in the direction of wave propagation.



If the wave amplitude is large, a first approximation
to the theoretical explanation to the wave behaviour, as was
done in the case of small amplitude wave theory is no longer
true. For finite amplitude waves, four theories have been

proposed in literature as will be explained below.

The first theory related to finite amplitude waves
was propounded by Gerstner (1802) and is applicable only to
deep water waves. The essential features of his theory are
irrotational wmotion, trochoid free surface and exactly circular
orbits for the particles which decreases exponentially with
depth. On account of these, the theory does not allow for

mass transport.

Stokes (1847) brought forward his second-order theory
for the case of a nonlinear wave progressing over still water
of finite depth. According to his wave form, the crest is
more peaked and shorter than the trough and the phase velocity
C is given by

c? = k-1 g tanh (kh)
The motion of the particle is irrotational and the orbit is
not closed, with a little forward shift in the direction of

the profile motion and a slight net transport of mass which

is known as Stokes drift. His investigation also includes



wave theory for water of finite depth.

The cnoidal wave theory applies over the range

1 h 1 . . . .
5 < I < 5T6) and is developed using elliptic functions. This

theory suffers from the limitation that cnoidal wave functions
are difficult to apply and therefore not generally used in

practice.

Russell (1838, 1845) introduced a wave form which lies
above the still water level, propagates at constant velocity
and remains unaltered in form. These conditions are generally

satisfied in the case of very long waves.

As an oscillatory wave moves into shallower water, the
crests become shorter and steeper, while the troughs become
longer and flatter. Theoretical findings on solitary wave
characteristics are more or less similar to those of the long

waves mentioned earlier.
The celerity is given by the solitary wave theory as

¢ = [ g(H+h) 1Y/2

1.1.5. Wave generation

The generation of wind waves depends on the transfer

of energy from the wind to the sea. A brief exposition of



the important theories in this connection is given below.

The sheltering theory of Jeffreys (1925) assumes that
the air flow is laminar over the windward slope of the wave
and turbulent on the lee slope, with a tangential friction
that can be neglected. The parameter invelved here is the
sheltering coefficient, S, which is estimated as 0.27. Although
this theory offers a‘satisfactory explanation of the initial
generation of waves, a8s the waves increase in steepness the

value of S often appears to be underestimated.

Sverdrup and Munk (1947) uses as the basis of their
theory, rough turbulent flow which occurs when the wind speed
exceeds Tm/S. While the air flow is similar to that of
Jeffreys with a sheltering coefficient of 0,013, here the
tangential stress is considered to be a significant factor.
An important feature of this theory is that it provides a

basis for forecasting wave meights.

A third approach is that of Eckart (1953) applicable
to fully turbulent flow. Sheltering coefficient is not
considered in this theory. 1In the absence of a proper account-
ing of the normal pressure, this theory does not provide

accurate results.

In another significant contribution, Phillips (1957)
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introduced the assumption of random distribution of pressure
on the surface. According to him the fluctuating pressure
upon the water surface is responsible for the birth and early

growth of wave and the motion is irrotational.

Miles combined two theories of wave generation, the
turbulent pressure fluctuations and the shear-flew instability.
The initial disturbance of the water surface is due to tur-
bulent pressure. Miles's shearing flow is important in the

main stage of wave growth.

l.1.6. Wave reflection, refraction and diffraction

Perroud (1957) made laboratory studies on the reflec-
tion of solitary waves from a vertical wall and found that
there are three types of reflection patterns. When the
incident angles are greater than forty five degrees the
reflection was found to be normal. In this case the angle of
reflection is equal to the angle of incidence. For angles of
incidence less than twenty degrees, the wave crest bends so
that it becomes perpendicular to the wall and no reflected
wave appears. In cases where the angle of incidence is
greater than twenty degrees but less than forty five degrees,
three waves are present, the incident wave, a reflected wave

and a wave approximately perpendicular to the wall.,



11

When the waves from the deep water move into shallow
water of the nearshore regions, they are influenced by the
topography of this region. The wave crest in shallow water
moves at a slower speed than the portion in deep water. This
results in the bending of wave crest and this precess is known
as wave refraction, which leads to a local increase or decrease
in wave energy. The refraction coefficients are determined
from refraction diagrams using one of the two methods available
for the purpose viz. the wave front method and the direct

orthogonal method.

Wiegel (1964) gave a description of wave diffraction
phenomena. When a wave system incident on a structure such
as a breakwater, a portion of the wave will be reflected or
break and the portion moving past the tip of the structure
is the source of a flow of energy into the region in the lee
of the structure. The two sets of waves, reinforce and cancel
each other in such a manner as to cause an irregular wave

height in this region. This phenomenon is known as diffraction.

l.1.7. Wave measurements

The accurate measurement of wave parameters at sea is
not an easy task. The wave periods are the easiest to be

measured as by using a dye marker and a stop watch. By having
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a painted scale along the side of a ship the wave lengths can
be estimated. The simplest way of estiméting wave heights is
to mount a vertical scale in the water and record the wave
heights. For deep water waves, floats can be used. Wave
records can be obtained by using pressure transducers aleng
with suitable electronic circuits and recorders. Such wave
recorders are widely and successfully employed for obtaining
accurate information on wave parameters. The failure of these
instruments are often due to lack of proper imspection and
service after installation than to weakness in design.
Stereophotogrammetric methods can also be used for wave
measurements to cover large areas to provide clear information

on waves,

Draper (1966) has discussed the problems in the
recording of sea waves through the existing techniques for
measuring waves in the open sea and close to the shore. It
is rarely possible to satisfy all the requirements of the
user because of technical, operational and fundamental
difficulties and all wave recorder installations for engineer-
ing purposes are the result of compromise. Wave measurement
as a science, is still in its formative stages with only a
history of about twenty years and accordingly the different
techniques applied and many useful instruments devised, are

still far from being perfect.
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Cavaleri (1980) has analysed the drawbacks of wave
measurement using pressure transducers. The major drawback
of investigating wave motion with a submerged pressure trans-
ducer is the bias in its output resulting from the dynamical
effect of the relative motion of water particles. Tucker (1983)
has discussed the potential of a microwave precision radar
altimeter and a synthetic aperture radar carried aboard a
satellite to provide information on ocean waves. The system
is useful for open ocean areas to within &~ 10 km of the coast.
Sampling variability, interpretation problems and the capabili-
ties and limitations of each sensor still remain as subjects

of serious concern.

The instruments presently available for measurements
on waves can be broadly classified as surface, subsurface and
above surface types. The wave staff, spar buoys, step-
resistance and capacitance gauges, inverted echo sounders and
the different types of accelerometer buoys fall in the surface
measuring devices category. Examples of subsurface devices
are pressure type recorders and the N.I.0O (U.K.) ship-borne
wave recorder. Remote sensing methods from spacecrafts, air-
crafts and radars are examples for above-surface measuring

techniques.

The swell wave direction at the recording peint can
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be taken using a Brunton compass.

Information on tidal level fluctuatiens along with
wave data are available from a pressure type wave and tide
telemetering system. The wave and tide recording system
consists of a wave and tide telemeter (Sivadas, 198l), a wave
recorder, a tide printer, a timer and power supply and control
units. The functions of the unit is given by Baba and Kurian
(1988). The response is greater than 95X for wave periods
greater than 3 S.

A wave rider system consists of a moored buoy which
transmits wave data, a WAREP receiver, which receives and
records the data on paper charts and a DIMA unit, capable of
recording the digitised data in magnetic cassettes. The wave
rider gives 100X response for wave periods between 2 S and

10 S and it is above 954 upto 18 S.

Wave record analysis can be made by the three methods
available at present viz. Tucker method, wave-by-wave analysis
and spectral analysis. For details we refer to Baba and

Kurian (1988).

l.2, Wave research along Indian coasts

The wave research along Indian coasts is only a recent
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activity with most of the work carried out on the west coast
of India. This section looks into the available informatien

on this aspect.

Dattatri, Raman and Jothi Shankar (1979) studied the
height and perioed distributions for waves off Mangalore
harbour by utilising ocean wave data off Mangalore harbour on
the west coast of India. The study indicated the validity of
Rayleigh distribution for wave heights well beyond the narrow
band assumptien on the basis of which it is derived.

The main sources of long-term wave data are the atlases
prepared using wave data reported by ships and provided by the
Naval Physical and Oceanographic Laboratory (1978) and National
Institute of Oceanography (1982).

Kesava Das et. al. (1981) had computed the wave power
around the Indian coasts using the Indian Daily Weather Reports
published by the India Meteorological Department for the period
from 1968 to 1973. Of the 5 grids of 5° squares (A,B,C,D and
E), B and C cover stations off Mangalore and Trivandrum respect-

ively where recorded wave information are available.

The average wave power potential along the Indian

coasts was found to be 23 kw/m. The highest average wave
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power potential is on the eastern side of the Atlantic and
the Pacific oceans and is about 2.5 times that of the Indian

seas.

For grid B the wave power ranges from a minimum of
4,45 kw/m in April to a maximum of 61.15 kw/m in July. The
average wave power for annual, fair weather (November to
April) and rough weather (May to October) seasons were found
to be 22.86 kw/m, 9.76 kw/m and 35.97 kw/m respectively. In
the case of grid C, wave ranges from a minimum of 5.29 kw/m
in February to a maximum of 43.05 kw/m in June. The average
wave power for annual, fair weather and rough weather seasons
were found to be 21.40 kw/m, 14.11 kw/m and 28.69 kw/m.
respectively. The reliability of these results are ta be
checked with the wave power obtained from recorded wave

information from these grids.

Thomas (1988) described the various wave parameters
cf shallow water waves off Valiathura. The waves were always

)

above 0.5 m in height and the maximum wave height (Hmax

observed was 6.0 m during 1980-1984.

The zero-crossing period varied between 5 and 18 S.
Long period waves (10 to 16 S) dominate during October-December.
Short period sea waves of 3 - 6 S were observed during January-

May.
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The wave direction was dominated by waves from 190°
to 210° during October-May. With the onset of monsoon,
waves from 250° to 270° became prominent. The breaker
characteristics and the beach profiles at Valiathura were

also described by him.

Shahul Hameed (1988) studied the wave climatology and
littoral precesses at Alleppey. The maximum wave height
recorded in the nearshore off Alleppey was 3.8 m during the
peak monsoon. The maximum significant wave heights recorded
were 3.0 m and 1.4 m during the rough and fair seasons
respectively. The wave periods were 8-9 S during rough season
and 9-11 S during fair season. The wave directions, breaker
characteristics, longshore currents, beach characteristics

etc., were also studied.

Waves and littoral processes at Calicut were examined
by Kurian (1988). Harish (1988) studied these characteristics
at Tellicherry. Shallow water wave spectral and probabilistic
characteristics along the southwest coast of India were examined
by Baba, Shahul Hameed and Harish (1988) using wave information
at Alleppey. Most of the spectra examined had multiple peaks.
The southern part of the coast shows the highest energy level
almost throughout the year. A new theoretical spectral form

(PMK), combining the models of Pierson-Moskowitz and
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Kitaigorodskii was proposed for shallow water wave spectrum.
It was found that in high energy conditions, the PMK spectrum
slightly underestimated the peak energy density. The shallow
water wave height distribution was represented by the simple
function of Gluhovski. No satisfactory model was proposed by
them for the wave period. The joint distribution of heights
and periods was explained by the CNEXO functien.

Kurian and Shahul Hameed (1988) discussed the wave
transformations in shallow water. An important draw back in
the study of wave transformation is the lack of measured data
in synchronised deep water and shallow water. Characteristics
of wave height and spectral transformation as ebserved for the
southwest coast of India and other parts of the worlc re
discussed. There is an attenuation in wave height and energy

which varies from location to locatien.

The TMA spectrum simulated the observed shallow water
spectra when the scale and shape parameters were derived from
the observed. The heights were found to follow the Gluhovski
distribution. The joint distribution of neights and perieds

followed the CNEXO group.

The different wave transformation processes are

refraction, shoaling, wave breaking and ron-linear dissipation
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processes. Reflection and diffractien were not considered

for general cases because the coasts are straight with no
coastal structures or offshore islets. The paper also presents
a review of the available models used in literature for pre-

diction of shallow water wave height.

Kurian and Baba (1988) studied the applicability of a
model proposed by Dobson (1967) with certain modificatiens for
predicting shallow water waves and established the universal

applicability of the Doebson model.

Baba and Joseph (1988) gave a picture of deep water
wave climate off Cochin and Trivandrum. The wave climate based
on a year-round observation off Cochin and some intensive
monsoonal observations off Trivandrum were reported. The
intensity of wavé action is higher at Trivandrum than at Cochin.
The spectra at both locations are multipeaked throughout the
year. The low frequency swell component is prominent off

Trivandrum throughout the year.

Baba (1988) has given a descripiion on the wave
characteristics and beach processes of the southwest coast of
India. The wave climate along this coast was subjected to
both temporal and spatial variations. A long-term wave data

for a given lecation will increase the confidence in the
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selection of design wave parameters. The Trivandrum coast
due to its high wave power potential is suitable for a wave

power development programme.

Muraleedharan, Nair and Kurup (1988) has observed the
averaged visual wave statistics for the southwest coast of
India. Long-term distributions of wave height (Hs), direction
and power obtained from grid No.l7 (5°-9°N, 73°-77°E) of the
wave atlas published by the Naval Physical and Oceanographic
Laboratory and grid No.I (5°-10°N, 75°-80°E) of the atlas
published by the National Institute of Oceanography (These
grids overlap over a rectangular area measuring 4% x 29,

The wave recording stations off Trivandrum and Valiat!ura are
located in this overlapping area of the two grids.) were
examined in the light of recorded wave information off
Trivandrum. The distributions of wave height were tested
with the Weibull, Rayleigh and exponential distributions.
They found that the best fit was obtained for the Weibull

probability density function.

The predominant wave directions obtained from the
grids were in agreement with the recorded information off
Trivandrum (20 m) during most of the months. Recorded wave
directions at 5 m agreed with the atlases during monsoon

and post-monsoon periods. The wave power computed for yearly,



21

fair weather and rough weather periods from the sea and swell
wave statistics (N.P.O.L) provided very low values while the
swell data (N.I.0) showed good agreement in wave power derived

from recorded wave statistics.

Ravindran and Raju (1988) discussed the wave energy
utilisation prospects and problems in India. Among the various
forms of Ocean Energy, Tidal Energy, Wave Energy, Ocean Thermal

Energy are promising in the near future.

The annual average energy potential along our coast
varied from about 3 kw/m to about 13 kw/m. fhe corresponding
wave energy potential in the North Sea varied from 25-60 kw/m.
Therefore in India, the wave energy plants is not going to be
economical for a longer period. Wave energy group at I.I.T,
Madras after studying the wave power for more than 5 years
concluded that the barrier type wave energy device incorporat-
ing Oscillating Water Column principle will be more suitable

for our country.

Baba (1988) gave a description on wave power potential
of India with special reference to islands. The recorded
S-year data off Trivandrum at Valiathura showed that the mean
monthly wave power varied between 4 and 25 kw/m. Here the

average wave power was 17.5 kw/m during monsoon (May-October)
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and 5.3 kw/m during the non-monsoon season. He also pointed
out that the reliability of the predictions with the ship
data can be examined with recorded data. At present the
only source for a preliminary examination of the wave power
potential was obtained from the ship-data for Lakshadweep

and Andaman and Nicobar Islands.

Deo (1988) has given a description of directional
spectrum and its application. The representation of the sea
surface spectral density functien S(f) against various wave
frequencies, f, constitutes the wave spectrum. If this
representation is categorised into various directions of wave

propagation (0), then directional spectrum, S(f,o0) is obtained.

The surface spectral density function is proportional
to the energy of the waves. Similarly the directional spectrum
also gives the energy of the waves (per unit plain area) against

various frequencies as well as direction.

In many ocean engineering studies, directional spectrum
forms an essential input. Some cases in point are (1) problems
pertaining to refraction of waves in the shoaling water
(2) studies about growth and decay of waves (3) hindcasting and
forecasting of waves in which directional spectrum gives origin

of swells and its path, (4) determimation of the spectra of
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motion of ships, moorings, floating vessels as well as of
buoys, (5) diffraction of waves from an object, (6) studies
pertaining to littoral drift, (7) response analysis of off-
shore structures in which the directional spectrum is used
in the wave forcing function to obtain the response spectra

and (8) studies pertaining to erosion and siltation.

Kurian and Shahul Hameed (1989) studied the effects
of shallow water transformation on the distribution of wave
heights and perieds using synchronised deep and shallow water

data and a transformation model.

In order to study the wave transformation in Mirya
Bay, Ratnagiri using wave data recorded by CWPRS at Mirya Bay,
Ratnagiri during 1985-1986, Gadre and Kanetkar (1989) consider-
ed the changes in statistical characteristics of waves such as
wave height, wave period, groupiness, band width etc. and also

the transformation in spectral characteristics.

Kiran Kumar et. al. (1989) suggested that the procedure
to estimate the long-term design wave heights at a sight was
basically empirical in nature and involved alternative modell-
ing and fitting techniques. Discrepancies were likely to
occur in the predicted values in a particular analysis. He

examined such variations with the help of the wind data
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collected for one year in the Bembay High region. The
variations in short-term predictions were not reflected in

the corresponding long-term predictions.

Muraleedharan, Kurup and Nair (1989) utilised the
long-term wave data published in the atlases (N.P.O.L, 1978;
N.I.0, 1982) te study the wave climatolog) off Mangalere.

Wave parameters obtained from grid No.9 of the N.P.O.L
atlas and grid No.VII eof the N.I1.0 atlas were used in this work.
These grids overlap ever a square area measuring 2° x 2°, The
wave recordings off Mangalore at 10m depth were carried out in
this overlapping area. Wave climatelogy off Mangalore was
analysed utilising long-term (visual) and short-term (recorded)
information. Observed long-term wave height distributions were
tested with the Weibull, Rayleigh, Gumbel, log-normal and
exponential curves. The best fit was obtained for the Weibull
probability density function. Methods for computing maximum
wave height and most probable maximum wave heights were
suggested. A mathematical expression was derived for predict-
ing the maximum wave height of a predetermined magnitude and
also the probability of realising a wave height less than a
designated value in a given period of time. The decennial
wave heights so obtained were comparable with these predicted

from recorded wave information. Of the various raties of
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standard wave height parameters computed and predicted using
theoretical Weibull distribution, Hl/3/1'-i and Hl/lo / H) /3

seem to be relatively more consistent.

{
In another investigation, Muraleedharan, Nair and

Kurup (1990) tried to study the long-term wave statistics

off Goa. Long-term wave statistics from grid No.9 (N.P.O.L
atlas) and grid No.XIII(N.I.O. atlas) off Goa were examined
and compared with recorded wave information. Wave directions
and average monthly frequency of waves in the peried 5 to 8 S
(Zero-crossing period) from grid No.XIII were comparable with
recorded information at Goa. The theoretical and calculated
values of significant wave heights were in agreement for

grid No.9. The wave power averaged from swell statistics
(grid No.XIII)were found to be much higher than that averaged
from sea and swell statistics (grid No.9). They came to the
conclusion that the degree of accuracy of the visually
estimated wave data were sufficient for wave climatological
studies provided it should be calibrated with recorded wave

information.

Muraleedharan, Nair and Kurup (1990) observed the
long-term wave characteristics off Trivandrum. The available
atlases of averaged visual wave statistics (N.P.O.L, N.I.O)

of the Arabian sea provided wave information which differ
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from one another. A comparative study of the long-term
distributions of significant wave heights obtained from these
atlases was made for an area off Trivandrum. The long-term
distributions of significant wave heights were tested with
Weibull, Gumbel, Rayleigh, expenential and log-normal models.
The best fit was obtained for Weibull probability density
function. Over estimates of peak percentage frequency of
occurrence of wave heights amount to less than 11X and wunder-
estimates less than 13%. The return period of the maximum
significant wave height (7.5 m) obtained from N.P.O.L atlas
was 2.27 years and that from N.I.O atlas (5.0 m) was 1,71
years. Average maximum significant wave heights to occur in a
S year period were compgted using Weibull model for combined
sea and swell statistics separately. Nearly 954 waves lied

in the height range O - 3.25 m. The most frequently occuring
wave height for overall and monsoon data were 0.75 and 1.00 m
(grid No.17, N.P.O.L), 1.33 and 1.75 m {(grid No.I, N.I.O)

respectively.

1.3, Scope of the present work

Whenever structures have been built in exposed leoca-~
tions failures are bound to come that must have been too
expensive to remedy and often it will be in excess of the

likely cost of any wave climate study. (Draper, 1970).
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Ploeg (1968) suggested that there is a fairly sharp eptimum
cost of design for coastal structures, so that without a
fairly good estimate of wave conditions, which are major
parameters, it would be nearly impossible to come cleose to
the optimum, and the cost would necessarily increase.
Accurate wave information alone will help a designer to have
estimate of having required precision. In addition, the
results of a comprehensive wave climate study is highly
essential for the assessment of utilisation of all kinds of
surface vehicles, ships, drilling and for other civil and
military purposes. Draper (1964) gave information on freak
ocean waves. Estimates of the heights of the highest waves
which could be encountered at sea vary widely. Thom (1971)
had reported that there had been many reports of huge waves
in the open oceans, and these might be cons idered as waves
of extreme height. Draper (1973) suggested that information
on extreme wave conditions is needed in the design of off-
shore structures. Although such events happen only rarely,
this does not mean that their likelihood of occurrence is not
predictable. This problem is discussed in chapter 2 with
the aid of some theoretical fermulae derived for the purpose.
The only way to have reliable informatien of wave climate

is to study them instrumentally and theoretically in all

geographical areas.
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The peculiar geographic set-up of the southwest coast
which stretches from Cape Comorin to Mangalore has invited
considerable developmental activities aleng the region. The
adjoining sea is rich in fisheries. Two major ports (Cochin
and Mangalore), and a large number of fishing harbours and
fish landing centres are established along this coast. This
coast lies along the major marine thoroughfare across the

Arabian Sea between the Gulf countries and the Far East.

Coastal erosion and flooding are annually recurring
problems along this coast. Siltation of harbours also poses
another serious problem. A detailed understanding of wave
climate is required to solve the above problems and for the
planning of ceastal developmental activities. The wave power
potential of this coast is also high compared to the other

coasts of the country.

The present work is an attempt to examine the reliability
of the available averaged visual wave information. It is pro-
posed to assess the degree of accuracy of the visually estimated
wave data for application in wave climatological studies and to

calibrate these data with recorded wave information.



29

1.3.1., Wave climate study using visual observations
reported by ships of opportunity. |

In the present section we discuss the reliability of
the visual observations of wave information and their import-

ance in wave climatological studies.

Cross (1980) attempted to summarise the reliability
of the various data on wave climate study. 'Data bases used
to analyse the offshere wave climate (San Francisco) were
published ship's reports, hindcast studies by National Marine
Consultants (NMC), and hindcasts based on U.S. Navy archives
(1951-1974, FNWC-Fleet Numerical Weather Central). The first
of these two were judged as more valid and were suggested

for further project analyses.

Goldsmith, Victor and Sofer (1983) after studying the
wave climatology of the Southeastern Mediterranean, came to
the conclusion that of the wave climate developed from a
variety of sources including visual ship observations and
directional wave gauge measurements, the visual observations

formed a reasonable representation.

Assessing the wave observations from ships in Southern
Oceans, Laing (1985) found that there is very little consist-

ency in the reporting of wind wave and swell periods and swell



directions compared to heights which fared considerably
better. Despite these inconsistencies, the intercomparisons
showed that the data was representative of many of the
physical characteristics of wave fields, and therefore could

be useful in climatological studies.

Soares (1986) reported that visual observations of
wave heights were still the main source of statistical infor-
mation available for the prediction of extreme wave conditions
to be used in the design of ship structures. He also suggested
that visual observations of wave properties, especially mean
wave periods, were an important source of statistical infor-
mation needed for the prediction of design and operational
conditions of ocean structures. But the observations were to

be calibrated with measurements.

The importance of visual observations on wave climate
study were also emphasised by Kumar, Sarkar and Dattatri (1989)
by comparing it with satellite information. They dealt with
the analysis of wave and wind statistics off the West Coast
of India using SEASAT altimeter data. The wave data inter-
preted from SEASAT ebservations was found to be in good agree-
ment with the averaged data from ships observations as
published in the Wave Atlas by N.P.O.L , N.I1.0 and Monthly

Meteorological Charts.



31

l.4, Materials and methods

l.4,1 Available wave information sources

The available sources of wave infermation for the seas

around India consist of

(1) wave information from satellites
(ii) Wwave data recorded by wave recorders

(iii) Wave informatiom hindcast from meteorological
parameters, and

(iv) Visual observations on waves reported by ships
of opportunity.

Sarkar (1988) reviewed the presently available remote sensing
systems and their possible uses in the Indian context. The
satellite derived oceanographic information are very much
useful in maritime activities. The feasibility of detecting
the oceanic waves on the satellite imageries has been evaluated
by Nath and Rao (1989). A single satellite cannot meet all
sampling conditions. Atleast two or three satellite systems
are needed for wind and wave measurements. At present India
does not have such a facility and satellite oceanography is
only in the preliminary stage of development. Recorded wave
data are very scanty due to obvious reasons. Wave forecast
as obtained using the existing forecasting techniques that
differ from one another due to limitations of the theories

involved. Visual observations on waves reported in 1I.D.W.R
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compiled by different agencies also differ from one another
depending on the temporal spread and method of analysis of
the data.

l1.4.2, Wave atlases

The scientists of N.,P.O.L made use of wave data
reported in the Daily Weather Reports of India Meteorolegical
Department for the preparation of the wave statistics.

About 33,000 data from weather reports spread over
ten years have been considered in this publication. For the
preparation of the wave statistics, the part of the Arabian
Sea, north of 5°N latitude and East of 61°E longitude has
been divided into 17 zones of 4° squares. Two sets of tables
are prepared, one showing the distribution of data irrespective
of the direction and the other with the break-up of direction
in sectors of 30° for each zone and month. Wave roses
representing the direction of the waves, predominant direction
anc percentage of calm conditions are given for each zone and
month. Wave data (directien, period and height of the wave)
have been compiled from the weather charts for the area wunder
reference for 10 years from 1960 to 1969. This compilation
is published as an atlas entitled "Wave statistics of the
Arabian Sea" (Fig. 1(a)).
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Fig. 1(a) N.P.O.L wave atlas.
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Fig. 1(b) N.I.O wave atlas.
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With a view to provide a comprehensive information
on swell characteristics, the National Institute of Oceano-
graphy prepared a swell atlas for the Northern Indian Ocean
with equator, Asiatic land mass, 60°E meridian and 95°E
meridian as the boundaries. This area was divided into
twentynine 5% lat: longitude squares and the swell character-
istics pertaining to each square are presented monthwise in

polar diagrams.

The data on swell characteristics for the peried
1968-1973 published in the Indian Daily Weather Reports were
utilised for the preparation of this atlas, " Wave (swell)

atlas for Arabian Sea and Bay of Bengal" (Fig.l(b)).

Published information on wave climate in limited regions
along the Indian coasts are available in various journals.
They are however, of limited, temporal and spacial coverage.
The wave statistics (Wave height, wave period and wave
direction) obtained from N.P.O.L atlas (1978), N.I.0 atlas
(1982) and published information are utilised in this study

to clear the wave climate along the southwest coast of India.

l1.,4.3, Methodology

Gouveia and Mahadevan (1983) have pointed that many

natural processes including waves are random in nature. Any
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statistically meaningful understanding of such phenomena
requires particular system of analyses through some appropriate
statistical techniques. Following are some of the important
statistical functions used to describe the basic properties

of a random process.

(i) Probability density function
(ii) Mean values
(iii) Auto correlation functien

(iv) Spectral density function

After bringing logical and experimental support for the
validation of using the probability density functions for
modelling waves, certain theoretical aspects are investigated.
The wave statistics computed from visual wave observations are
compared with those from recorded wave measurements and these
are then utilised to infer the wave climate along the south-

west coast of India.

l.4,3.1. Long—term distributions of wave heights

At present main source of long-term distributions of
wave heights are either the ship observations reported by IMD -
or the extrapolations of waves recorded for one year or hind-

casts from storms knoewn to have occurred in the area and their
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extrapolation (Baba, 1985). The probability distributions
used in literature to model wave heights are generally the
log-normal, exponential, Weibull and Gumbel distributions
(Baba, 1985; Dattatri, 1981). Rayleigh distribution was

also tried for long-term distributions of wave heights after
accommodating a relative height factor, H/d in Rayleigh
distribution as recommended by Gluhovski in 1968 (Baba, 1985).
For deep water conditions H/d —> O and the Gluhovski
distribution assumes the form of Rayleigh distributioen

(Shahul Hameed and Baba, 1985). In other words, in deep water
the Gluhovski distribution behaves as a Rayleigh distribution.
The data obtained from the west coast of India near Mangalore
over a period of 18 months during 1968-1969 were also utilised
for examining the fitness of the Rayleigh distribution with the
distributions of wave heights obtained from recorded informa-
tion (Dattatri, Sankar and Raman, 1976). The present study
attempts to use the Weibull distribution for modelling wave
height and to establish that it is much superior to the avail-
able competing models described earlier. The principal
motivations for using the Weibull model are explained in
chapter 2. The model was fitted with long-term distributions
of wave heights (Hs) obtained from 17 grids of the N.,P.O.L
atlas and 12 grids of the N.,I.0 atlas which cover nearly the

same part of the Arabian Sea. The larger and more obvious
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waves in a chaotic sea condition is known as significant
wave and the evaluation of significant wave height (Hs) from
actual wave records was given by Draper (1966). Significant
wave height is nearly equal to that height reported from

visual observations by ships.

The properties of the Weibull model and the methods
of estimating its parameters are explained in section 2.2 of
chapter 2. Since it was seen that there is considerable
experimental support for the Weibull distribution for explain-
ing the long-term distributions of wave heights, a plausible

theoretical explanation is given in section 2.2 of chapter 2.

After observing that there is both experimental and
logical support for the Weibull distribution as a reasonable
model for wave heights on the basis of wave height information
from 29 grids of N.P.O.L and N.I.0 atlas, certain theoretical
aspects such as formulae for computing the mean wave height,
coefficient of variation, median, significant wave height (Hs),
one-tenth of the highest wave height (Hl/lo)’ maximum wave
height, most probable maximum wave height are also derived,
Also included in this connectien are certain equations that
enable the prediction of the return period of a maximum wave
height of a predetermined magnitude and also the probability

of realising a wave height less than a designated value in a
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given period of time.

The long-term distributions of wave heights obtained
from the coastal grids (17, 9) of N.P.O.L atlas and coastal
grids (I and VII) of N.1.0 atlas are tested with Weibull,
Gumbel, log-normal, Rayleigh and expenential models. Grid 17
(N.P.O.L) and grid I (N.I.0) overlap over a rectangular area
measuring 4° x 2° (Fig.2). The wave recording stations off
Trivandrum and Valiathura are located in this overlapping
area of the two grids. At Valiathura (off Trivandrum), since
it has a steep offshore, there is a proximity te the waves
generated in the deeper ocean (Baba, 1985). Also grid 9
(N.P.O.L) and grid VII (N.I.O) overlap over a square area
measuring 20 x 2° (Fig.3). Published wave statistics obtained
from wave recordings off Mangalore were from this overlapping
area. Dattatri and Renukaradhya (1971) suggested that the
deep water waves are directly comparable to shallow water
waves off Mangalore since the crests travel parallel to the
coast, the bottom contours being practically parallel to the
coast, the coast being a very flat one and the refraction and
shoaling coefficients are very nearly unity. The appropriate-
ness of the various models tested in this connection are

assessed in sections 2.2 and 2.3.

Draper (1973) had pointed the importance that, before

the construction of any structure it is necessary to undertake
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a detailed study covering a large area around the site to
ensure that no focussing of waves, even from large distances

or confused seas are likely to occur at the site.

Accordingly, wave statistics obtained from grid 17
(N.P.O.L) and grid I (N.1.0) are compared with those obtained
from wave recordings in the overlapping area of these grids to
clear the wave climate. Similarly wave statistics obtained
from grid 9 (N.P.0O.L) and grid VII (N.I.0) are also compared

with those from wave recordings off Mangalore.

l.,4.3.2. Wave power

Wave power is defined as the rate of energy transfer
per unit area per unit crest width across a plane normal to
wave propagation (Thomas et.al. 1986). For deep water

2 2
fg Hs Tz

= Watts m~
64n

1

where 'P' is the wave power, /’- water density, g - accelerat-

ion due to gravity, H_ - significant wave height and Tz - the

s
gero-crossing wave period. (Salter, 1974). For intermediate

depths the wave power is estimated as

P

fg2 H52 T 4xd/L
S S E— 1 [1+ 3 tanh (2md/L)

64x inh(4xd/L)
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where d - water depth and L - the wave length at this depth.

The wave power available in a random sea is given by
the relation P = 0,55 H52 T, (Raju and Ravindran, 1987). This
expression is considered in the present work. Tz is computed
using the relation obtained by Dattatri (1971) for swell

prevailed sea state as

Ts = 1.3Tz - 205,

where 'l‘s is the significant wave period.

The wave power computed from grid 17 (N.P.0O.L) and
grid I (N.I.O) are compared with the wave power computed from
recorded wave information at Valiathura. The wave power
computed from grid 9 (N.P.O.L) and grid VII (N.I.0) is to be
compared with those obtained from recorded data from the over-
lapping area of these grids for emphasizing reliability on the

results,

1.4.3.3. Wave direction

The predominant wave directions published in the atlases
for grid 17 and grid I were compared with directions obtained
at Valiathura (5m) and off Trivandrum (20 m). The directions

obtained from grid 9 and grid VII are to be compared with



measured wave directions at the overlapping area of these

grids.

1.4.3.4. Long-term distributions of wave periods (Ts)

The wave periods published in the atlases are consider-
ed as significant wave periods (Ts)° It is the mean period of
the highest one-~third wave height in a wave record. The long-
term distributions of wave periods published in the atlases
by N.P.O.L (grid 17, grid 9)\and N.I.O (grid I, grid VII) were
compared with Bretschneider distribution, gamma distribution,
exponential distribution and Rayleigh distribution. The para-
meters of these models are estimated by the method of maximum
likelihood. Bretschneider (1959) had showed that the distri-
butions of the square of the wave periods could be represented
approximately by a distribution with density function
3 -0.675@)4

I:— exp T dT

(L) ad) = 2.7 4
T T (T)

where (T) is the mean wave period.

Putz (1952) had obtained a gamma-type distribution
function to represent wave periods. Based on these investi-
gations, in the present work, the Bretschneider and gamma
distributions were fitted for the wave periods. Also by

examining some monthly data on visually averaged long-term
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distributions of wave periods (N.P.O.L, N.I.0), the
exponential model also was tried, as another possible
alternative. Further, consequent on the suggestion of Baba
and Harish (1985) that the swell wave periods fit closer to
the Bretschneider distribution and that the sea wave periods

to the Rayleigh distribution of the form
P(T) =exp ( - & (
the Rayleigh distribution has also been fitted for explaining

the long~term wave period distributions. The details of these

investigations are reported in chapter 4.
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Chapter-2
DISTRIBUTION OF WAVE PARAMETERS

2.1, Introduction

The focal theme of the present study as defined in
section 1.3 is to critically examine the reliability of the
available averaged visual wave information; which is achieved
here by first establishing an appropriate long-term distribu-
tion for wave heights. As has been described earlier, our
choice of the long-term distribution for wave heights is
Weibull. Accordingly in the next section we look at the
properties of the Weibull distribution and some of the reasons
for it being a versatile model that can represent many natural

phenomena.

2.2, The Weibull distribution

The Weibull distribution was discovered as early as
the latter half of the twenties in a discussion relating to
the asymptotic distribution of the extreme values in sample.
The richness in flexibility enjoyed by this model through a
judicious choice of values of its parameters has made it
a faveurable distribution in many areas of practical applica-

tion. A random variable X possesses a Weibull distribution
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if it has a probability density function of the form

£(x; a,b) = 2 ( £)PL exp(-( 2)P) (2.1)

x,a,b > O
The cumulative distribution functien is

F(x; a,b) = l-exp(- ( £)°) (2.2)

Notice that a functiens as the scale parameter and b as
the shape parameter of the model. By assigning appropriate
values of b we can generate L-shaped, skew or symmetric

curves from equation (2.1). Further when b =1

f(x,a) = 2 exp - (%),

the exponential distribution and when b = 2
2 2
f(x;a) = = (2) exp (- (3)7), (2.2)

the Rayleigh distribution, which is widely used as the model
for wave heights. When X follows Weibull, it can be shown
that Y = - log x has the Gumbel's extreme value distributien.
There is also some approximations available between the

Weibull and the gamma and lognormal distributions. It is
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thus evident that the Weibull fits all data that follows
the exponential or Rayleigh and approximately fits several
types of data that represents positively skewed distributions

such as gamma and lognormal.

The mean and variance of the distribution (Johnson

and Kotz, 1970) are respectively,

m = a ((1+b7]) (2.4)
and
6 = a2 (I (1420 1) = r2(1+p71)) (2.5)

where [ (p) is the usual gamma function defined by

F(p = Je*xPlax, p>o
(o]

In order to fit the distribution in actual practice
one needs the estimates of the parameters in terms of the

observations.

In the present study we have used the following
method of estimation. From the expressions for the mean and
variance in equations (2.4) and (2.5) we find that coefficient

of variation is

Bla

= T2l = P20 /(b)) (2.6)



43

Equating o/m with the coefficient of variation of the sample
viz. S/x , where S and x are respectively the standard

deviation and mean of the sample, we find
s/ % = F(+207Y) - r2(407Y) / r(14+p)t (2.7)

The parameter b is estimated from the last equation,
using the table of b values corresponding to the coefficients
of variation given in Sinha (1986). New, equating the same

and population means

X = ai'(l+b'l) (2.8)

which provides the value of a as

A = % /T (1))

where b is obtained from equation (2.7).

A A
The estimates a and b thus obtained can be used as
starting values in obtaining the more accurate maximum likeli-
hood estimates which has many optimal properties. The new

accurate estimates are the solutions of the equations,

1y - n (2.9)
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and

T ( 1% ) log x; =L log x; = % = 0 (2.10)

b

by trial and error, after renaming a~ as p and then solving

for a from p using log a = bt leg p.

2,3. Motivations for using Weibull distribution

The motivations for using the Weibull distribution for
modelling wave heights in the present investigation are as

follows.

Of the various models used in literature for modelling
wave heights only the Rayleigh distribution seems to have been
derived mathematically on the basis of the physical character=-
istics governing wave heights. The conditions under which such

a model arises are

(i) Spectrum of the waves consist of a single narrow
frequency band and the disturbance is made up of a number of

random components.

(1i) Each generating area is sufficiently large compared
with a wave length so that the phases of contributions from

different regions are independent enabling to write the
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enveloping function as

B 3 bl+b2+...+bn

(iii) Each component b follows exponential distribution

such that I bj> = b> (fixed) and bj° —3> 0 as n —) =,
Longuet-Higgins (1952) derived the distribution of wave heights

H as

f(h;a) = (2h/a2) exp - (h/a)2 (2.11)

This is a particular case of the Weibull distribution for b=2.
Empirical studies reveal that the Rayleigh distribution does

not provide a good fit to many data.

For the short-term wave height distribution, Longuet-
Higgins (1952) has shown that the probability density function
of individual wave heights is represented by a typical Rayleigh
distribution, if (i) the distribution of instantaneous surface
elevations are assumed as Gaussian normal, (ii) wave energy is
confined to a narrow range of frequencies, and (iii) ocean waves
are assumed as the result of superposition of many sinusoidal
components in random phase. These conditions are not satisfied
in many situations as was reported by Baba (1985) who found
that most of the data deviate from Rayleigh. The main reasons

can be attributed to natural conditions that do not meet the
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assumptions (i), (ii) and (iii) specified above. Contributions
from the different parts of the generating area are to be super
posable means that the mechanical system we are dealing with
is linear, which is true generally for low waves in deep water
and not for waves tending to attain maximum height. Hence we

need a model that can meet the twin objectives of

(a) accommodating the Rayleigh distribution whenever

the basic assumptions that justify it are satisfied, and

(b) fitting data situations under more general condi-

tions.

One way of achieving this is to make equation (2.11)
more flexible by adding one more parameter to it. The universal
constant 2 in the faétor exp - (h/a)2 in (2.11) means that the
curve can provide only the same shape irrespective of the
values of 'a' which changes only the scale. This motivates
the use of an arbitrary positive quantity 'b' in the place of

2 in the exponent in equation (2.11) to arrive at equation (2.1).

Thus the modified curve becomes Rayleigh whenever b=2

and our twin objectives stated above are satisfied.

Apart from accommodating curves of different shape in
the modification suggested above, anether possible explanation

for the Weibull curve can be offered in terms of the intensity
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function described below.

Let H be the continuous random variable representing
the wave height in a specified region taking values in the
interval (Q,W) where W is the maximum height to which wave
can rise. For a given height h, the probability that H

exceeds h is

P (H> h) = 1-F(h) (2.12)

where F(h) is the distributien function of H. The probability
that a wave of height h decays before height h+dh is attained
(the decay takes place within an infinitesimal height dh) is

P(h < H< h+dh | H> h) = Pﬁ;(; ? ;yh+dh)

£(h) dh
=t (2.13)

]

where f(h) is the density function of H. If the right side

of (2.13) is denoted by k(h)dh, k(h) represents the intensity
at which a wave of height h begins to decay. From a knowledge
of the form of the function, one can determine the distribution

of H as (Gumbel, 1954)

h
f(h) = k(h) exp (- J k(t) dt ) (2.14)
(3]



For the Longuet-Higgins (1952) model of wave heights
2
k(h) = 2h/a (2.15)

So that the intensity of decay is directly proportional to the
height of the wave. On the other hand for the Weibull model

k(h) = (b/a®) nP~1; a,b > O (2.16)

The rate at which the intensity changes is dk(h) « So that

dh
for the Rayleigh distribution it is 2a‘2, which ;s a constant.
In the Weibull case it becomes b(b-l)a-b hb-2, which varies

with h.

The main point here is that the proportion of waves
that decays when they passes height h, increases as the value
of h increases in both the models. While for Rayleigh model
this increase proportion for unit change in height remains the
same, for the Weibull case the proportion decaying increases
at a faster rate. (Here we assume that the parameter b>1,
which is justified empirically). In other words the proport-
ion decaying at high values of h is much greater than the
proportion of waves decaying at smaller heights. This appears
to be more realistic than a uniform increase in proportion
according to the Rayleigh model, especially when the narrow

band assumption does not hold.
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In any case, it is important to note that the assump-
tion of Weibull law does not contradict the Longuet-Higgins
conditions, which is automatically satisfied in situation
favourable te it, but only supplements it by extending the
condition to more general situations. The empirical findings

in the later chapters also supports the same view point.

Once the long-term distribution of wave heights is
assumed to be Weibull, it is poessible te have specific express-
ion for the different wave parameters. In the follewing

sections we derive some formulae in this connection.

2.4. Significant wave height

If hl’h2"“’hN form a sequence of wave heights that
are arranged in descending order of magnitude, h(p) stands
for the mean of the first pN values where O { p £ 1. We
shall first derive a formula for h(p) and then deduce the

significant wave height and mean of all waves.

The probability that the wave height H should be
larger than an observed value h is obtained from equation (2.2)
as

1-F(h) P(H > h)

exp(- (2)°) (2.17)
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Since this should be the theoretical equivalent of p,

p = exp (- ( % )° )

or

h. = a (- log p)l/b (2.18)

P

The mean value h(p) of those H's that are larger than h is

h(P) E(H | H> h)

E(H-h | H > hp)+h (2.19)

where E stands for the usual expectation operator. Now,

h
E(H-n|H > h)) (1-F(h)™1) [ (x=-h)f(x)dx
(o}

R(V S (xen) ¢ 4R dax

R(h) Z R(x)dx (2.20)

where R(x) = 1-F(x). Using equation (2.17) for R(h),

E(H-h|H > hp) = exp (';)b { exp(-(%)b)dx
1.
= exp ()P 2 [y e Y>  ay
(3) .
-1 _. =1 oY *E -1 dy



53

Thus from (2.19)

1
- i
h(P) = g +p ! apt J e”Y P dy
P -log p
= a(-log p) /P 4 p~1 ap=} I log p(b‘l) (2.21)

where It(p)

S e xP~1 dx is the incompleted gamma
t

function. The significant wave height is obtained when p =

Wl

as

h(/3) = a(log 3)Y/P 4 3ap! Iog 3 (b~1) (2.22)

and the average of all waves,

hD o apir et

Since the incomplete gamma function is tabulated for all ranges

1

of b-~ it is easy to apply (2.22).

It is to be noted in this connection that the formula
(2.22) refers to the population of all waves while the actual
h(l/a) refers to the significant wave height in a sample of N
wave heights. Strictly speaking, these two values should be
different, especially when N is small. However, when N is

large, the deviations between the two will not be significant
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and can therefore, be neglected.

2,5, Maximum wave height

If Hl,H2,...,Hn is a sample of n wave heights, the
probability for the largest of them should not exceed h is

P(max H; € h) = P(H;¢h, H¢h, ooy HO & h)

n

P(Hlsh) P(H2~$h) coe P(Hn £ h)

(F(h))"

(1-exp[- ( 2)° D"

Accordingly, the density of max l-l_..L is

n
£,(n) S {l-exp[-(g)b]}

-1
o eensl-@P1} " expl-@P) £ (e
(2.23)

From equation (2.2) the mean value of maximum wave height is

E(max H,) S h f,(h) dh

"
R |

-1
n 1;2{1-exp[-(-§)b]}" exp[-(2)P] (1)1 an.
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To evaluate the integral, we introduce the transformatien

Yy = (2)b to obtain

L n-1
E(max H;) = na J (1-e7Y) e Y yl/b dy
o
Integrating the last expression by parts
w 1
= ab~t Jl1-(1-e")M] yb dy (2.24)
o

Using the binomial expansion

(1-e7) = I (-)TE (7)) e
r=0

(2.24) reduces to

1

J(-1)T"L T eIy (B Ty
(o]

[
=
H 3

E(max Hi) = ab -~ I (

|

[
po ]

o}

(-0 ) /P (2.29)

H

Formula (2.25) can be used to tabulate the mean maximum wave

heights.

2.6, Most probable maximum height

Once the distribution of H is taken to be Weibull, the
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most probable wave height in the region is given as the median
of the distribution. This is

H, = (log 2)1/b for b > 1

However, more interest will be on the maximum height that is
most likely, which is by the reasoning as above, the mode of
the distribution fl(h) in equation (2.2). Differentiating
(2.2) with respect to h, the mode is obtained as the solution

of the equation

(1=e7Y)(b-1)-(1-e"Y)yb + (n-1)e”Y by = O (2.26)

where y = (h/a)P

or

oY - {b=1) - yb
-~ (b=-1) - nyb

The last equation can be solved by numerical methods like the

Newton-Raphson technique. If Yo is an approximate solution
h \b
Yo = ( ry )
or

1/b

h = ay,

which is the most probable maximum height.
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2.,7. Analysis of return periods

The wave heights observed daily in a particular grid
can be thought of as a random variable following Weibull law.
It has been shown in section 2.4 that the distribution of

the maximum wave height 1is specified by
G(h) = (F(h)" = (1-exp[-($)°D)"

Therefore, the probability that a specified value hm is exceed-
ed is

P(Hmax > hm)

l-G(hm)

l-(l-exp[-(hm/a)b nt

In a series of observations on the daily maximum height the
probability that the nth observation is the first value that
exceed h  is (l-G)Gn'l, n=1,2,3,... . The expected value

of n is

E(n) (1-G) "1

-1
{ 1-(L-exp(~(n/2))"}

Obviously E(n) is greater than 1 since O<GK1l. The average

number of observations included between two adjacent wave
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heights that exceed h  is E(n). As we are observing the
largest wave height that occurs every day, the number of
observations E(n) equals the number of days that lies between
the appearance of maximum wave heights that exceeds hm' Thus
E(n), infact represents a period in which a maximum wave
height larger than hm is observed. 1In other words denoting

this period by

t(hsa,b) = {}-(l-exp[-(h./a)b]n}

or

(1-exp[-(h /a)°D" = (1 -(1/t))
or

eXP[-(hm/a)b] = 1-(1-(1/t))1/n
or

1/b
h, = a {-109 [1-(1-(1/t))l/n ]} / (2.27)

Equation (2.27) provides a fundamental relation that connects
a prescribed maximum wave height and its average return period

or time of re-occurrence.

Another question that is of interest at this juncture
is given a period of time t, what is the probability that level

hn is never realised in m years.
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For this we assume that P is the probability that a
level larger than hn will. not be realised in 'm' consecutive
years.

P = (16)" = (1-(1/¢))™

Note that t increases if hm increases. Hence when wave heights
anticipated are larger and larger, the return perieds also
become larger. ie, usually large wave heights are realised
only over longer periods of time. Since t is larger than 1,

binomial expansion is valid at as a first approximatien.

P 1 - (m/t)

P

l-m exp - [n(hm/a)bJ

The probability of realising a height of hm during any one

of the m years is 1l-p = q.

2.8. Other models

The wave height models for examining the long-term
distributions of wave heights are mainly Weibull, Gumbel,
log-normal and exponential. Rayleigh model is also recommend-
ed by many researchers for this purpose. A brief review on

the above mentioned models, will now be made.

Depending on the nature of constants used there are
three types of extreme value distributions, viz. Type-I (Gumbel),

Type-11 (Cauchy) and Type-III (Weibull).



The Probability density function of the Type-I
distribution is given as

P(x) = é exp(- (553) )exp (-e

where 8 and u are the parameters of the model. In order to
estimate these parameters we use the method of moments to

obtain estimators

e = (Y6/xn).S

where S -~ sample standard deviation

and

A -
U = x - 16

where r is the Euler's constant given by

Lt (1+7% + % +oeee % - logn ) = 0.5772157 ... and X is

hn—> e
the sample mean. The mean and variance are respectively
u+ 0.577226 and £ %°0°.

The lognormal distribution in its simplest form may
be defined as the distribution of a variate whose logarithm
obeys the normal law of probability. (Aitchison and Brown,
1957). It is also known as Galton-McAlister, Kapteyn or

Gibrat distribution, and the logarithmico-normal.
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It arises from a theory of elementary errors combined

by a multiplicative process.

McAlister is the first person to set down explicitly

a theory of the lognermal distribution.

f(x) = S - exp {- —ig—(logx-p)é}dX' x>0
xoY (2%) 20 ’

is the probability density function of the lognormal distribu-
tion. p and o are parameters. The distribution is positively
skewed and it has positive kurtosis. The mean and variance

are respectively

1 2
p+ c 2 2
e 2 and e2K+0 (e% -1)
The exponential distribution is a univariate continuous
model with density function

ée-x/g;0<x<oo,9>0

f(x) =
= 0, elsewhere

where ©. is a parameter to be estimated as & = e

=3 P

where © is the sample mean. The mean of this distribution

is ® and variance is 92.
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2.9. Models for long-term wave period (Ts) distributions

The gamma distribution has density function

S . L2 e-x/B; x>0, a>0, B>0,
% (a)
f(x) =
0] y e€lsewhere

where a and f are parameters.

For different values of a and p we get a family of distribu-
tions, called the gamma family of distributions. af is the
mean value and a52 is the variance of this distribution.

The Probability density function P(T) of Bretschneider (1959)
distribution for the square of the wave periods (T2) is given

to be
P(T) = 2.7 (T3/T%) exp[-0.675(T/T)* ]

where T is the mean wave period. This distribution explains
the wave periods satisfactorily when dominated by swells

(Baba and Harish, 1985). The strong base of this function is
on the narrow bandedness of the wave spectrum, which can be

observed in the swell dominated sea-state.
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The exponential and Rayleigh models are also
suggested for long-term wave period distributions after
examining certain wave period distributions ebtained from

N.P.O.L atlas and N.1.0 atlas.
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Chapter-~3

ANALYSIS OF WAVE CLIMATE OFF TRIVANDRUM AND MANGALORE

3.1. Introduction

In the preceding chapter we have examined reasons for
preferring the Weibull model over other competing alternatives
for describing long~term distributions of wave heights and
also obtained mathematical relations for significant wave
heights, maximum wave height, most probable maximum wave
height and peried of re-~occurrence of wave height of a pre-
determined magnitude. The analyses of the wave height distribu-
tions (visual) in comparison with the available theoretical
models are carried out in the present chapter. 1In addition,
the reliability of the theoretically obtained parametric
relations are tested with the help of available recorded wave

information off Trivandrum and Mangalore.

3.2. Weibull model for modelling long-term wave height

distributions

It has been explained that the available models for
explaining long-term wéve height distributions are mainly
four. The Rayleigh distribution has also been tried feor this
purpose. (Dattatri, Sankar and Raman, 1976; Baba, 1985). The
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experimental results obtained by various researchers for

recorded wave information led to the conclusion that there
is no reason to prefer any one model over the others.

(Dattatri, 1978; Baba, 1985).

In the light of the strong case that has been advanced
over its choice, the Weibull model is fitted for the long-
term distributions of wave heights obtained from 17 grids of
the N.P.O.L sea and swell atlas and 12 grids of the N.I.O
swell atlas. First, the model is fitted for approximate
values of a* and b*. After ascertaining experimental evidence
in support of the model using such approximate values, more
accurate values of the parameter were redetermined using the
method explained in section 2.2. The approximate and revised
values of a and b for various months and grids are given in
tables 1 and II. The results obtained for approximate a and
b and, revised a and b are given in tables III(a,b) and
tables IV(a,b). The agreement between theory and observations
were finally checked with the aid of the }:2 goodness of fit
test at 54 level of significance. The relative gain obtained
after revising the estimates of a and b are exhibited in
tables III(a,b) and IV(a,b)s The grids where Xz-test failed
have been deleted from the total number of grids considered.
The X 2 test was carried out to ascertain whether there is

any seasonal pattern exist as regards the appropriateness of
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the Weibull model. In other words, whether the Weibull
distribution fits the data for any particular month better
than any other. The hypothesis formulated is that the model
does not prefer any individual month, according to which the
frequency of grids where the fit is good should be equal for
all months. For e.g. in the N.P.O.L data the total frequency
of 124 grids should be equally distributed among the 12 months
at 10.33 grids a month, and this value form the expected
frequency. The ]:2 calculated in this way were not signific-
ant (e.g. for the N.P.0O.L data the calculated value was 9.16
against a 5y )(2 value 19.77) confirming the fact that
seasonality does not affect the Weibull law.

From table III(a) and III(b) it can be seen that the
Weibull model fits better by about 154 more of the cases to
the long-term wave height distributions of combined sea and
swell sea-state (N.P.O.L) than the swell dominated condition
(N.I.0). This variation can be attributed to the broad
spectrum associated with sea and swell sea-state than the
swell prevailed state. In tables III(b) and IV(b) the number
of data when ;7(2-¢est fails has been deleted from the total
number of data. From the overall percentages cited in the
tables it is evident that the results are much improved when
the revised estimates of the shape and scale parameters are

employed. It may also be noted that the data on wave



Table I1I(a)

Number and percentage of months for which
Weibull distribution fits in various grids
for N.P.O.L sea and swell height data, with
approximate and revised scale and shape

parameters.
approximate a%*,b* revised a,b
Grid No. No. of Percent- No. of Percent-
months age months age
1 6 50.0 10 83.3
2 S 41.7 5 41.7
3 7 58.3 9 75.0
4 3 25.0 3 25.0
5 1 8.3 4 33.3
6 6 50.0 9 75.0
7 6 50.0 8 66.7
8 4 33.3 7 58.3
9 8 66.7 11 91.7
10 7 58.3 10 83.3
11 7 58.3 9 75.0
12 9 75.0 10 83.3
13 3 25.0 8 66.7
14 4 57.1 7 77.8
15 8 72.7 8 72,7
16 1 8.3 5 41,7
17 2 16.7 3 25.0
Overall 44.4 63.3

percentage




Table III(b)

Number and percentage of months for which Weibull
distribution fits in various grids for N.I1.0 swell
height data with approximate and revised scale and
shape parameters.

approximate a¥* 6 b¥* revised a,b
Grid No.
No. of Percent- No.of Percent-
months age months age
17 7 58.3 7 58.3
18 6 50.0 6 50.0
11 4 36.4 4 36.4
12 4 36.4 6 50.0
13 7 63.6 8 72.7
5 -(test - -(test -
fails) fails)
6 4 40.0 6 54,6
7 2 18.2 3 27.3
27 -(test - -(test -
fails) fails)
28 1 50.0 1 50.0
29 4 36.4 4 40.0
I 6 50.0 6 50.0
Overall 43,93 48.93

percentage




Table IV(a)

Monthly variation in number and percentage of
grids for N.P.O.L sea and swell height data
fitting Weibull distribution with approximate
and revised scale and shape parameters.

approximate a¥* , b* revised a,b
Months :

No. of percent- No. of percent-

grids age grids age
January 8 50.0 13 76.5
February 10 62,5 14 87.5
March 7 41.2 8 47.1
April 6 37.5 12 70.6
May 4 23,5 10 58.8
June 11 64.7 13 76.5
July 12 70.6 13 76.5
August 7 41,2 12 70.6
September 7 41,2 7 41.2
October 3 18.8 5 29.4
November 8 50.0 10 62.5
December 4 25.0 7 43.8




Table IV(b)

Monthly variation in number and percentage of grids
for N.1.0 swell height data fitting Weibull distribu-

tion with approximate and revised scale and shape

parameters.

approximate a%*, b* revised a,b
Months _

No. of percent- No. of percent-

grids age grids age
January 6 66.7 6 66.7
February 4 44 .4 4 44,4
March 3 42,9 3 42,9
April 3 37.5 5 62.5
May 4 44 .4 4 44 .4
June 4 44 .4 ) 95.6
July 5 55.6 6 66.7
August 2 22,2 2 22,2
September o) 5%.6 6 66.7
October 3 42,9 3 42,9
November 3 33.3 3 33,3
December 3 33.3 4 44 .4
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information is visual and therefore it is quite probable tha

many of them may be under or over estimated. In either case

t

there is the possibility of unusually high or low ebservations

to be included in the data thereby contaminating the true
distribution to a large extend. This often complicates the
problem of identifying the real distribution, and it is for
no other reason that researchers are led to seek and try
several alternatives. Some proposals to identify discordant
observations that had crept into the data and to eliminate

them will be pointed out in the concluding chapter.

3.3. Visual wave statistics vis—a=-vis recorded waves

A detailed study is made for grid 17(5°-9°N, 73°-77°E)
and grid 9 (13°-17°N, 73°-74.7°E) of the sea and swell atlas
(N.P.O.L, 1978) and, grid I (5°-10°N, 75°-80°E) and grid VII
(10°-15°N, 70°-76°E) of the swell atlas (N.I.O, 1982). Grid
(NeP.O.L) and grid I(N.I.O) overlap over a rectangular area
measuring 4% x 2° (Fig.2). Trivandrum and Valiathura where
recorded wave information are available are located in this
common portion. This overlapping area will hereafter be
referred as the "Trivandrum grid" for convenience. Also
grid 9 (N.P.O.L) and grid VII (N.I.0) have a common square
area of dimension 2° x 2° (Fig.3). Published recorded wave

statistics off Mangalore are available for this overlapping

grid which will be termed as "Mangalore grid" in the present

study.

17
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Visual wave statistics computed for grid 17 and grid i
are compared with the recorded wave information available for
the Trivandrum grid. Visual statistics for grid 9 and grid
VII are compared with recorded information for Mangalore grid.
These comparisons help to test the reliability of wave
climatological studies based on visually averaged wave infor-

mation.

3.3.1. Long-term wave height distributions off Trivandrum

Long-term wave height distributions obtained from
grid 17 (N.P.O.L) and grid I(N.I1.0) are examined with Weibull,
Gumbel, log-normal, exponential and Rayleigh models. The
goodness of fit is tested using )(2-test at 0.05 level of
significance. The method of maximum likelihood has been
used for all the models except in the Gumbel for estimating
the distribution parameters. A comparative study of the
observed percentage frequency of occurrence of wave heights
with the theoretical curves is made (Fig.4(a-f)). A comparison
of the visual wave height distributions with the theoretical
distributions as shown as in Fig.4(a-f) indicatés that the
Weibull model effectively explains the different sea-states.
For both the sea and swell dominated conditions (grid 17,
N.P.O.L), Weibull conforms to the wave patterns ebserved in

February, April, June, July, September and November and of



‘UMJIPURATII FFO SUOTINGTIFIST{: TrO139I08Y3
Y3 1M (sweab03s TH) S3UDBTay SABM PBAISSHO JO SUOTINGTIISTP ©y3 ;¢ uosTaedwod (e)p*BTI

SIYIAW NI 1HII3H 3AVM

8 L 9 S
Sty bl SEp A SR SR
i -10%
(1'0d°N) L1°ON Qi¥9 (O"I"N) I'ON Qid9o Jos
AdvNdg834
g Ao T
NOILNGMLSIA  HOIFTIAVY — — — ._l\ /
NOILNH {41S1a TYWHON90T = ="~ ' -10¢
NOILNGILSIA TVILNINOGXT *°" " """ (99 4
NOILNHIYLSIA 13gHN0 —— =
i NOILNEIYLSIA 1naEm 40%
(71-0°'d"N) LL"ON Ql¥9 (O"1I'N) T'ON Qido dos

ANMVANVT

JOVINIOH3d NI 3INIHHNIO0 40 AININOIHA



*UMIPUPATII JFO SUOTINQIIISTE Trol3aaoeyl
U3TM (swexbo3sTH) s3jybisy saeMm poAIosqo JO SuoTINQTIISTP 9yl jo uostaedwod (q)y °*BId

S3d13W NI

1

S0 8

1HOI3H 3AVM

1

(1°0°d*N) L1"ON Qld9

(O'I"'N)ION Qid9

e e T T
’.,"-

(1"0"d"N) LL°ON Q™9

NoiLNglELSIa HOIZIAVY — T T
NOILNBIYLSIG TYWHONOOT = =~
NOILMEIILSIQ IVILN3NOGXI """ "
NOIINGIMLSIG 138WNO = T T
NOILNBIYLSIA 1N8I3M

(O'1I'N} I'ON Qid9

.
.
.
.
T o

—n

0
0l
02
n
po)
0t O
(any
m
=z
Q
0y
(@]
sl
(@]
06 8
C
Pl
ps)
m
=z
O
m
0 =
<
m
0+ 3
m
=z
—
>
0ZH
0€
0Y
oS



‘WNIPURATIL JJO SUOTINQTIIISTD [UDOTISIOSYL
Y3TM (swexbolsTH) s3ybisy saem poAIssqo Jo SUOTINQTIISTP 3Y3 3o uostaedwo)y (0)p ¢OTJ

SIJLIN NI IH9IEFH FAVM
8 L 9 9 Y 13 rd ! GSZ0 8 L 9 S 7 £ l { SC0
q..|‘||..._l.|_. bt _.4 T T / = TS _.‘lqshﬂuun“)nﬂl_nL‘. T T .\._\\\1\
co— I.,.’.’ ) e /MJ M\“.\-..j\.\.\ \\\\\
~e— /....\\ 4 BERN T 74 -
/.Alv I/ Tep
\ 1/ \ \) <
N . ~ -] \5
' \\w 4 //l\ / -
// \\ /A \
A [ 4 /1.\
\ 7"
(1-0°d-N) L1'ON aI¥9 {0O°1"N) T°'ON aI¥9
- -
aNNr
Toeoo aoe e LS T .-\.‘ par/
.x\ /
= e e - — v/--\J\ \ \\
—— r.A\ . . ;1 \ -
\3 -o ) ‘ \\
N v
\ /. .
/4 -\ .
NOLLNBIMLSIA  HOITAVY — — — X S
NOILNGIHLSIA TYWHONSO1 ="~ "~ \ /
NOILNBIYLSIA TYLLNINOGXI *** " ** .1 ]
NOUNBMLSIA 13ENNS T T T

(FOd"N)LL ON Qid9

NoltnglaLsia 1N81I3M

(O'I'NJT'ON Qld9

0!

02

ot

0y

0§

Ot

0l

0t

0%

0s

FONIFYINII0 40 AININDIYAS

JOVIN3OH3d NI



‘UMIPUBATIL FIC SUOTINQTIISTIL TLO13I2I08Y]
U3tk (sweabo3lsTH) s3jybysy aaem psarssqo jo SUOTANQTIISTP oYyl jo uostaedwod (p)p °*BTa

S3Y13AN NI 1H91I3H 3AVM
8 L 9 S Y £ l 1 SZ-0 8 L 9 S yi £ 4 | SZ-0
Ve R d- T, .v 1“ -
—_———— 4 \
TTr—— u
/
i
. \
-4 /I\~ —
(1°0°d'N) LL'ON a9 - {(O"1"N)JI'ON Qj¥9 —
1SNoNv
[ .. T I e T T T ﬁ\
3 A !
x - hS. P g < ) \\
Q T e — N -+ \ /
, e e — — o / B
- A f e \ 7]
// 'R \\
\ 1,
AN N 1,7 "
- \| T4-F N
\ ]
\ !/
1 A\
NOILNEIYLSIG  HOIFNAVY — — \o
NOILNEIYISIg  TYWHON9OT = =~
| NOILNAIMLSIQ TVILNINOGX3 """ ]
NOILNEI¥LSIQ 13gWNO — = =
NOILNEIYLSId 1IN8iIm
(1°0°d"N} LI'ON Q149 = (O-1"'N)I'ON QId9 .

Anr

0l

0¢

0€

0%

0s

01

0¢

O€

0y

0s

JOVINIIY3Id NI JONIFHINII0 40 AININOIH S



‘WUNIPUBATIL FJO SUOTINQIIISTL T[EDTIBIOY3

(1:0°d"N) LI'ON QId9

U3Tm (swexbolsTH) s3ybroy saem paalasqo JO SuOIINATIISTP ®Yy3z jo uostredwod (3)p °*B1a
S3413WN NI 1H913H 3AVM
I G20 8 L S S 7 £ z I SZ-0
MBA SR S I L ORI —.. e T 1 o
rllnllnl .Wu .\ /
.I.I./ . .\ \\
//I ./ “\. / I.O—
* — \ ., 4
/ . . ‘\\
A Joz
\ / n
SN b
/k\ A
\ doe
v
(S |
- V] —oY
1o
|
. (O'I'N)I'ON Ql¥9 1 -Hos
V)
4380120
f I oo d .u. ..‘.l.ﬂ./
! = — — cm——
/ e ——
7
/
[
/
. \ |
/ / .T\.\\
-7 NoliNgIdLsIa HOIFAYY — — —
= NOILNSGIH1SIA TVINUONQOT = = —
NOILNGIYLSIA IVIAN3INOGX3 ** "
NOolLNgiyLSIg 1[/NNo T T T
- NOILN8IMLSIQ JINgIam
(0'1"N) I"ON Qido los

(1'0°d"N) L1'ON Qb9

438W31d43S

J9VINIOH3d NI JONIFHINII0 40 AININDIY 4



- —— s o ¢ . awan - e

‘UMJIPUPATIYL FJFO SUOTINGTIISIP TLDOTI=TI0dY3
yatm (swexbo3zsTH) s3aybrisy aaem paaIasqo FO SUOTINGTIIISTP SY3l JC uos TIedwo)d

SIHLIWN NI LHOI3H 3AVM

| G0 8 L 9 S 7 £ 4 SZ0
T |T|I:~.l. T T = T T !
-/ P —— s — l’.l’.,./ /}.. ) x\. /
N ./.I.A \ \ i/ 7
?//-..\ /&/ ' I}
AR /W /
\ ' . -
\ i
\ ’I 8 //
\ \ //
\ d —
\
/ﬂ
(1'0°'d"N) LI'ON Q49 (O°1"N)I"ON Qid9
¥38W323d
| SR [ —ry=—yans: LACITTIN SPRIPIIS SUPIF
. ) gy .
4 Z
A ~.-
m ~.
| /./.
|
Ji
]
— NolLnetdLsIia HOlTAYY — — 7 7

NOILNGIMLSIA TVHUONDO1 =" —
NOILNGIILSIA TVILNINOAXR *** """

NOILLNEIMLSIG 134N — —
B NOILNEIYLSIg 1INGI3M
(O'd"N)LI"ON Qid9 (0-1"N) I'ON  Qid9

33dW3IAON

Ol

0¢

0¢

0%

0S

0S

F9VIN3JU3d NI 3ON3¥YNIO0 40 ADNINDINS



69

swell prevailed sea conditions (grid I, N.I.0), in January,
March to August, October and November. At the same time the
Gumbel distribution proviaes a better explanation than the

other curves for the rest of the monthly wave height feormations

in both cases.

In the case of the swell prevailed state (grid I, N.I.O),
the Weibull model fits in 50/ of the cases followed by Gumbel
in 41.54 and Rayleigh in 8.5/ of the cases. On the other
hand, for the combined sea and swell data (grid 17) adequate
fit could be realised only in 58.5/4 of the total cases. Of
these, 25/ each accounts for the Weibull and Gumbel models
and 8.5/ for the Rayleigh. Even in data where the Weibull fit
was rejected, it was due to the presence of one or two abnormal
observations rather than the incomparability of the model with
the whole data set. Such discordant values may be the result
of bias in visual observations. The overall analysis suggests
that the Weibull distribution offers a uniformly good fit.

The appearance of unusually larger or smaller values in the
data suggests that the analysis of data requires more sophis-
ticated tools than mere fitting of models. One has to test
whether these observations are outliers and can be rejected.
If the answer to this question is in the affirmative, then
the data is to be cleared and the fitting re-done for the
cleaned data. This problem requires extensive analysis and

therefore, will be considered only in a future work.
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From Fig.4(a-f) it is seen that Weibull overestimates
and underestimates the peak percentage frequencies of wave
heights (histograms) to a maximum of 10.54 and 12,54
respectively. The respective figures for Gumbel and Rayleigh
are 20.5%4 and 10.0%, 8.0% and 14.04%. While the Gumbel distri-
bution estimates the peak frequency with a higher kurtosis;

Rayleigh curves are seen to underestimate the peak frequencies.

It could be observed that the distribution of the reported
percentage frequency of occurrence of wave heights show a broad
band of wave heights for swell dominated conditions than that
for sea and swell combined sea-state. A change to broad band
is observed during southwest monsoon season (grid 17, Fig.4(a-f)).
The Weibull model explains the varying wave patterns (Fig.4(a-f)).
In view of the fact that of all the models, the Weibull distribu-
tion provided the closest fit for the long-term distributions
of wave heights (Hs) in a majority of cases, there is a strong
case for using it as the basic model for wave heights (HS).

With this point of view, several wave parameters of interest are

derived using this particular model.

3.4. Wave statistics off Trivandrum from Weibull model

Since Weibull model gives the closest fit to the long-
term distributions of wave heights, certain wave statistics are

derived from it and are compared with those obtained from
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available recorded wave information off Trivandrum.

3.4.1. Ratios of standard wave height parameters off Trivandrum

Ihe mean values of some standard iatios and their standard
deviation are computed from the visual observations from grid 17
(N.P.O.L) and grid I (N.I.0) and are compared with those predicted
from Weibull model. The results are given in table V.

Of the varieus ratios of standard wave height parameters
computed and predicted, H/n, Hl/a/ﬁ and Hl/lO/Hl/3 seem to be
relatively more consistent and can be used for practical purposes.
Hmax/Hl/S’ Hl/lo/“ and Hmax/n show comparatively less consistency.
The inconsistencies of these ratios may be due to the bias in

reporting high waves by merchant ships, since they usually avoid

rough sea conditions.

3.4.,2., Averaged maximum wave height off Trivandrum

The averaged maximum wave heights to occur within 5, 10
and 100 years are computed from Weibull model for grid 17
(N.P.O.L) and grid I (N.I.0O) using the formula (2.27),

with t

5, 10, 100 years,
1 month

n

a and b are parameters of the Weibull model.



Averaged computed (C) and predicted (P) ratios of
standard wave height parameters

Table V

Grid No.l7 Grid No.I

Ratio c P C P
Hmax/Hl/S

Mean 3.04 —— 1.53 -_—

S.D. Oo68 - 0015 -
Hy /3/m

Mean 2,22 3.31 3.43 6.87

S.D. 0.25 0.79 0.49 2.35
Hmax/“

Mean 6.63 - 5.19 -

SODO 0099 —— 0063 - -
H/n

Mean 1.25 1.38 2.34 2,32

S.D. 0.24 0.24 0.48 0.57
H) /10/M

Mean 3.34 6.36 4,20 14,86

s.D. 0.24 2.22 0.47 7.73
H) 1101173

Mean 1.51 1.89 1.23 2.42

S.D. 0.13 0.24 0.06 0.11
Hlia/ H

Mean 1.82 2.38 1.49 2.88

S.D. 0.20 0.22 0.14 0.40
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These are compared with that obtained from recorded wave data
off '"Trivandrum grid®*. The averaged maximum wave heights to
occur in 5 years, 10 years and 100 years are given in table VI,
for both sea and swell combined sea-state (grid 17) and swell

prevailed state (grid I).

In a period of 5 years, the maximum wave height obtained
from recorded wave information at Valiathura (Baba, 1985) for
overall data is 6.02 m. This result is comparable with those
obtained from swell data (grid I) while that computed from sea
and swell statistics give much higher values (Table VI). From
table VI, it can also be seen that grouping of data into annual
or monsoonal (June-September) does mot show significant varia-
tion in the results. Dattatri (1981) arrived at similar results

using recorded wave data off Mangalore Harbour.

3.4.3. BReturn periods of maximum wave height off Trivand:uw

The re-occurrence of maximum wave heights obtained from
N.P.O.L atlas (grid 17) and that from N.I.O atlas (grid 1) are
4
calculated using the relation given in section 2.7 which is

derived from the Weibull model.

t = return period
n = one month
hmax = maximum wave height

a,b = parameters of Weibull distribution



Table VI

Averaged maximum wave height for grid 17 and grid 1

Averaged maximum grid 17(N.P.O.L) grid I (N.I.0)
wave height overall monsoon overall monsoon
9 year

wave (m) 9.60 9.63 6.19 6.00
Decennial

wave (m) 12,56 12.60 7.31 6.61
Centennial

wave (m) 21.21 20.14 10.16 8.31
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The maximum wave height reported for the sea and swell
combineﬁ conditions as given in N.P.O.L data is 7.5 m, and
considering the overall data the return period (median) is
found to be 3.40 years. For the swell dominated sea-state
as presented in N.I1.0 atlas, a maximum wave height of 5.0 m
(grid I) is observed and its re-occurrence is computed as

2.88 years.

From 5 years wave recording (1980-1984) at Valiathura
(Trivandrum grid),(Baba,1985) a maximum wave height of 6.02m was
recorded. This duration can be considered as its return peried.
The re-occurrence (median) of this height considering overall
data for sea and swell combined state (grid 17) is 2.52 years
and that for swell prevailed sea-state is 6.27 years. The
return period of 6.02 m wave height obtained from N.I.0 data
(grid I) is comparable with the duration (5 years) of wave

recording.

3.4,4, Probability of realising a wave height greater than
a designated value in a given period of time off
Trivandrum

Probability of realising a wave height greater than a
designated value in a given period of time is found out using
the relation given in section 2.7 which has been derived from
Weibull model in the previous chapter. Here m denotes the

period of time proposed for re-occurrence. The maximum wave
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height given in the N.P.O.L atlas is 7.5 m (grid 17)and its
return period is feund to be 3.40 years. The probability eof

this height to occur within one year is calculated to be 29.41%.
But the maximum wave height is given to be 5.0m in N.I.O atlas
(grid I) and its re-occurrence is computed as 2.88 years:. This
height will return within a year with 34,724 probability. The
recorded maximum wave height at Valiathura (Trivandrum grid)

is 6.02m and the duration of wave recording is 5 years. This
maximum wave height is recorded on the third year of wave
recording (Baba, 1985). Therefore the probability of this

height to occur within 3 years is found to be 60x. Using N.P.O.L
data (grid 17) this height will return within 3 years with 100¥%
probability whereas from N.I.O data it is found to be with 47.85%«
probability which is nearer to that computed from recorded in-

formation.

3.5. Comparison of wave directions off Trivandrum

Table VII gives comparison of the wave directions published
in the atlases for grid 17 (N.P.O.L) and grid I (N.I.O) with
measured wave directions obtained off Trivandrum (20 m)
(Narayana Swamy et. al. 1979) and Valiathura (5 m) (Baba et.al.
1983). By studying the average wind pattern over the seas around
India for fifty years, Srivastava et.al. (1970) grouped the

twelve months into the following four seasons for the study of



Table VII

Comparison of monthly predominant wave directions

Month Grid No.17 Grid No.l Regorded off Recgrded
N.P.O.L atlas N.,1.0 atlas Trivandrum Valiathura
(20m) (5m)

January 030 (NNE) 030 (NNE) 061 (ENE) SSW
February 060 (ENE) 330 (NNW) 016 (NNE) SSW
March 360 (N) 330 (NNW) 030 (NNE) SSW
April 360 (N) 180 (S) 222 (SW) SW
May 270 (W) 270 (W) 250 (Wsw) WSW
June 270 (W) 270 (W) 256 (WSW) WSW
July 270 (W) 270 (W) 260 (W) W
August 270 (W) 270 (W) 246 (WSW) WSW
September 270 (W) 270 (W) 252 (WSW) WSW
Cctober 270 (w) 270 and 180 231 (SW) SW

(W and S)
November 300 (WNW) 360 and 180 150 (SSE) SW

(N and S)
December 360 (N) 030 (NNE) 051 (NE) SW
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waves. Pre-monsoon (March-April), Southwest monsoon (May-
September), Post-monsoon (October), and Northeast monsoon
(November-February). These seasons are considered here for

wave directions study.

It is seen that during the southwest monsoon seasonm,
both atlases indicate predominantly westerly waves which turn

to westsouthwesterly on approaching the shallow regions.

Post-monsoon (October) is characterised by westerly or
southwesterly waves. During the northeast monsoon period,
northerly or northeasterly components are predominantly indicat-
ed by the atlases as well as the measured wave directions at
20 m. The pre-monsoon season manifests variable wave directions.
Near the shore, at 5 m depth, the swells approach from directions

between west and southwest throughout the year.

3,6. Long-term wave height distributions off Mangalore

Long-term distributions of wave heights obtained from
grid 9 (N.P.O.L) and grid VII (N.I.0) are examined with the
available theoretical models. The )(2—goodness of fit
test is empleoyed at 0.05 level of significance. The sea and
swell data in grid 9 are found to follow Weibull in 92.8%,
Gumbel in 58.8%, Rayleigh in 25.8%, exponential in 8.8X and

log-normal in none of the cases. For the swell data (grid VII),
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Weibull fits in 27.04 , Gumbel in 36.0y%, Rayleigh, exponential
and log-normal curves in none of the cases. The comparatively
lesser number of good fits provided by Weibull curve in grid

VII can be attributed to the dominance given for swell condi-
tions while reporting. Apart from the fit being good for both
sea and swell combined conditions, it also explains the observed

wave height patterns for swell dominated sea-state.

Fig.5(a-f) gives a comparative study of the observed
percentage frequency of occurrence of wave heights with the
theoretical curves. The various diagrams in Fig.5(a-f) indicate
that the Weibull model agrees with the changing wave patterns
in different months. For both the sea and swell combined state
(grid 9), Weibull explains the wave patterns observed in January,
February, March, May, June-and September. Gumbel follows the
wave patterns observed in April, October, November and December
whereas Rayleigh provides a better fit for the rest of the
months. For swell dominated conditions (grid VII), the observed
wave patterns (histograms) take the form of Weibull curve in
January, April to August and November and that of Gumbel in the
remaining months. The Weibull model offers a uniformly good

fit for the annual data.

From Fig.5(a=-f) it is seen that Weibull overestimates and

underestimates the peak percentage frequencies of wave heights
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to a maximum of 10.0% and 12.5% respectively. The respective
values for Gumbel and Rayleigh are 7.5/ and 11.0%, 7.0% and
21.,% . The peak percentage frequencies of observed wave
heights of sea and swell combined sea-state is more effectively
estimated by Weibull than Gumbel whereas in the case of swell
dominated state, the estimation by Gumbel is more effective.
For the sea and swell prevailed sea-state, the Weibull, Gumbel
and Rayleigh models overestimate the peak percentage frequencies
of wave heights in half eof the cases and underestimate in the
other half. The three models underestimate the peak percentage
frequencies of occurrence of wave heights of swell dominated

conditions in majority of the cases.

The distribution of the visually obtained percentage
frequency of occurrence of wave heights show a narrow band of
wave heights for both swell and, sea and swell combined condi-
tions. A change to broad band is observed during southwest

monsoon season.

3.6,1. Wave statistics off Mangalore from Weibull model

Since Weibull model is considered as a basic model for
modelling the long-term distributions of wave heights, the
wave statistics computed from the model using the wave height
parameters from these grids are compared with those obtained

from available recorded wave information off Mangalore.



Table VIII

Averaged computed (C) and predicted (P) ratios of

standard wave

height parameters

Grid 9 Gria VII
Ratio
C P C P

Hmax/Hl 3

Mean 2,40 - 1.38 -

S.D. 0.52 - 0.14 -

Mean 2,37 3.53 3.52 7.14

S.D. 0.27 0.58 0.44 1.68
Hmax/n

Mean 5.56 - 4,82 -

S.D- 0068 - 0051 -
H/n

Mean 1,33 1.44 2.42 2.38

S.D. 0.22 0.18 0.41 0.42
Hy /1077

Mean 3.41 7.02 4,28 17.56

S.D. 0.19 1,67 0.45 4,87
”1[10/H113

Mean 1.45 1,97 1.23 2.42

S.D. 0.12 0.14 0.06 0.23
Hy/3/ H

Mean 1.81 2.58 1.47 2.96

S.D. 0.11 0.54 0.10 0.25
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3.6.2. Ratios of standard wave height parameters off
Mangalore

Table VIII gives the mean and standard deviations of
certain standard wave height ratios calculated from the visual
observations from grid 9 and grid VII in comparison with the

values predicted from Weibull model.

Among the varieus ratios computed Hl/3/ H and Hl/lO/H1/3

show maximum consistency while Hmax/n, (n- S.D) shows relatively
minimum consistency. This may be due to the missing of reporting
of high waves because merchant ships usually avoid rough sea
conditions. This may also be the reason for the predicted values
being higher than the computed values. The reliability of these
ratios has to be checked with that obtained from long-term

recorded wave information, at present which is not available.

3.6.3. Averaged maximum wave height off Mangalore

The averaged largest wave heights to return within 5,
10 and 100 years are computed from Weibull model (2.27) and are
presented in table IX. These values are compared, with avail-
able results obtained from recorded wave information off

Mangalore. (battatri, 1973, 1981).

Dattatri (1973) obtained 10 year maximum wave height to be
8.0 m. Also he got a value of 7.506 m by the method suggested



Averaged maximum wave heights for overall data

Table IX

and monsoon data for grid 9 and grid VII

Averaged Grid 9 VII
maximum overall monsoon overall monsoon
wave height data data data data

5 year

wave (m) 8.29 10.25 5.29 7.05
Decennial

wave (m) 10.64 12.84 6.14 7.97
Centennial

wave (m) 17.26 19.88 8.23 10.13
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by Jean Larras (1970). Tﬁe 10 year maximum wave extrapolated
from overall and monsoon data for the Weibull distribution is
7.20 m and 6.40 m respectively (Dattatri, 1981). The results
are comparable with those obtained from swell data (grid VII)
while that from sea and swell statistics (grid 9) give much
higher values (Muraleedharan et. al. 1989). This is because
the recorded waves are mainly swells over shallow depths while

the wave statistics is averaged over wider deep sea area.

3.6.4. Return periods of maximum wave height off Mangalore

The return periods of maximum wave heights given in
grid 9 and grid VII are computed using the relation derived
from Weibull (sec. 2.7). The maximum wave height reported
for sea and swell prevailed condition was 6.5 m (grid 9) and
its return period (median) considering overall data is found
to be 3.05 years. But the maximum wave height reported for
swell dominated condition (grid VII) is only 5.0 m and taking
yearly data into account its re-occurrence (median) is computed
to be 4.20 years. The reliability of these findings is to be
checked with recorded wave information. It is to be noted
that the maximum wave height reported for sea and swell
combined condition returns earlier than the maximum height
reported for swell dominated condition though it is higher.

The reason is evident that swell waves are much regular whereas
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sea waves are irregular apd chaotic and are frequently
characterised by high waves.
3.6.5. Probability of realising a wave height greater

than a designated value in a given period of time
off Mangalore

The chances for a wave height greater than a designated
value to occur in a given period of time was determined. (sec.
2.7). The maximum wave height is reported to be 6.5 m for
sea and swell prevailed sea-state (grid 9) and its re-occurrence
is seen to be 3.05 years. The probability of this height and
higher to occur within 1 year is 32.774 and within 2 years is
65.574. The maximum wave height reported for swell dominated
condition (grid VII) is 5.0 m and its return period is seen to
be 4.20 years. The chance of wave height greater than or equal
to this to occur within a year is 23.81% and within 2 years
is 47.62%. The recorded information for this purpose are not
available and hence the reliability of these findings are
uncertain due to the limitations of the data involved in this

work.

3.7. Comparison of wave directions off Mangalore

A comparison of monthly predominant wave directions
of sea and swell combined condition (grid 9) and swell prevailed

condition (grid VII) are given in table X.



Table X

Comparison of monthly predominant wave directions

Month Grid 9 Grid VII
January 360 (N) 330 and 360
(NNW and N)
February 330 (NNW) 330 (NNW)
March 360 (N) 330 (NNW)
April 300 (WNW) 330 (NNW)
May 300 (WNW) 270, 300 and 330
(W, WNW and NNW)
June 270 (W) 270 (W)
July 240 (WSW) 270 (W)
August 270 (W) 270 (W)
September 270 (W) 270 (W)
October 330 (NNW) 180 and 330
(S and NNW)
November 360 (N) 330 and 360
(N:3w end N)
December 360 (N) 2360 (N)
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During southwest monsoon season, the waves approach
from directions ranging from westsouthwest and westnorthwest
for sea and swell combined state. For the swell prevailed
condition, waves appfoach from a direction between west and
northnorthwest. Post-monsoon season is characterised by
southerly or northnorthwesterly waves. During the northeast
monsoon period, northerly or northnorthwesterly directions of
approach are indicated in both the atlases. Pre-monsoon is
characterised by waves from northnorthwest to north. A com-
parison of the monthly predominant wave directions given in
the atlases for sea and swell combined sea-state and swell
dominated conditions indicates that the predominant wave
directions are more or less the same for both state. At
present no measured information are available on wave direc-

tions for shallow waters in this region.



4.1

4,2

4.3

4,4

4.5

4,6

4.7

Chapter-4

LONG-TERM DISTRIBUTIONS OF WAVE PERIODS

AND WAVE POWER

Introduction

Long~term distributions of wave periods
off Trivandrum

Distribution of zero-crossing wave periods
off Trivandrum

Distribution of wave power off Trivandrum

Long-term distributions of wave periods
off Mangalore

Distribution of zero-crossing wave periods
off Mangalore

Distribution of wave power off Mangalore

Pages.

82

83

86

88

89

92

93



Chapter-4
LONG-TERM DISTRIBUTIONS OF WAVE PERIODS AND WAVE POWER

4,1. Introduction

While there is an abundance of literature on long-term
distributions of wave heights, there is a paucity of literature
on the long-term distributions of wave periods. A few studies
have been reported on the short-term distributions of wave
periods. (Longuet-Higgins, 1975; Dattatri et. al. 1979; Deo
and Narasimhan, 1979; Baba and Harish, 1985). This chapter
attempts to explain the long-term distributions of wave periods
in terms of probability distributions using visual data on wave

periods reported in the atlases of N.P.O.L.(1978) and N.I.0(1982).

The monthly distributions of the zero-crossing wave
periods computed from the averaged significant wave periods
given in the atlases are compared with those calculated from
the available recorded wave information for the regions consider-
ed. The monthly percentage frequency of occurrence of wave
periods obtained from the atlases are compared with the percent-
age frequencies obtained from the probability distributions
suggested for leng-term distributions of wave periods. The
monthly distributions of wave power is computed usiag visual
wave statistics and compared with wave pewer calculated from

the available recorded wave information.
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4,2, Long-term distributions of wave periods off Trivandrum

The long-term distributions of wave periods obtained
from N.P.O.L data (grid 17) and N.I.O data (grid I) are
presented in Fig.6(a-f). In these diagrams the histograms
represent the observed frequency of occurrence of wave
periods and the curves provide the theoretical models. Four
theoretical models are made use of for this purpose. They
are gamma, Bretschneider, exponential and Rayleigh distribu-
tions. The goodness of fit of these distributiens are tested
visually with the observed percentage frequency of wave periods.
From these diagrams, revealing the monthly observed wave period
pattern and the theoretical curves, two theoretical models are
suggested for the two different sea-states, viz, the sea and
swell combined state and the swell prevailed state. For the
forms of the densities of the above models, and the methods
of estimators of the parameters there of, we refer to section

104.3.4.

The sea and swell prevailed condition is evidenced by the
broad band of wave periods in grid 17. The wave periods range
from less than or equal to 5 seconds to more than 21 seconds.
From Fig.6(a~f), it can be seen that gamma distribution explains
the changing wave period patterns more accurately than the other
three curves. The observed peak percentage frequency of occurr-
ence of wave perieds lies in the period range 0.5 S - 5.5 S in

majority of the cases. The second peak is observed at 5.5 S -
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7.5 S. The wave period patterns do not show any noticeable
monthly variations. The gamma distribution more or less
correctly estimates the obéerved peak percentage frequency.
It underestimates the second peak percentage frequency to a
maximum of 8.04. The exponential distribution explains the
observed wave period patterns better than the Bretschneider
and Rayleigh distributions. In many of the cases the gamma
distribution shows a closeness to the exponential curve. It
is to be noted that exponential curve is a special case of
the gamma family of curves for a = 1, where a is a parameter
of the gamma model. The Bretschneider and Rayleigh distribu-
tions totally fail in explaining the long-term distributions
of wave periods. The Bretschneider distribution shows very

high kurtosis and a very narrow band of wave periods.

The swell prevailed sea-state is characterised by a
narrow band of wave periods compared to sea and swell combined
condition. Wave periods ranging from less than or equal to
5 S to 15 S are observed under this condition. The observed
peak percentage frequency which is prominent during the south-
west monsoon season lies in the period range 5.5 S to 7.5 S.

A second peak percentage frequency lies in the period range
7.5 S to 9.5 S during the rough weather season and in the

0.5 S to 5.5 S range always in the fair weather season.
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The Bretschneider distribution explains the leng-term
distributions of swell wave periods better than the gamma,
Rayleigh and exponential models. This is because the function
has a strong base on the narrow bandedness of the wave periods
which is observed in the swell dominated sea-state (Baba, 1985).
Still it fails to explain the higher side of the wave periods
ranging from 11.5 S to 15.5 S. This part is estimated by the
gamma distribution better than the other models. As a whole,
the Bretschneider distribution gives visually a good fit to
the observed distributions of long-~term wave periods. In
certain cases the Bretschneider distribution shews a high
kurtosis. The exponential curve completely fails in explain-

ing the distribution patterns of swell wave periods.

Monthly percentage frequency of occurrence of waves in
the period range less than or equal to 5 S to 7 S (Ts)obtained
for sea and swell combined state (grid 17) and swell prevailed
state (grid I) are compared with that obtained from the
theoretical models suggested for the long-term distributions

of wave periods (TS). (Table XI).

The percentage frequency of occurrence of significant
wave periods estimated from Bretschneider model is higher than
that obtained from grid I(N.I.O) for swell prevailed condition

whereas gamma model estimates are more or less equal to those



Table X1

Comparison of percentage frequency of occurrence
of significant period in the range { 5 S to 7 §

obtained for swell prevailed state ?grid 1) and

sea and swell combined condition (grid 17) with

those from theoretical models.

Data Jan Feb Mar Apr May Jun Jul Aug Sep Oct

Nov Dec

Swell

Visual
(grid 1) 82.0 72.5 74.5 74.0 79.5 61.0 55.5 59.0 63.5 63,5

Bretsch-

neider

(theore- 93.0 82.5 87.0 77.5 83.0 54.5 55.5 59.0 75.0 69.5
tical)

Sea and
Swell

Visual 78.0 78.5 73.5 79.0 71.0 69,5 76.0 70.5 77,5 82.0
(grid 17)

Gamma
(theore-
tical) 76.0 79.% 69.5 72.0 69.0 69.5 72,5 69.5 71.5 70.0

67.5 75.5

69.0 86.5

78.0 76.0

70,5 71.0
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obtained from grid 17 (N.P.0O.L) for sea and swell combined
sea-state. As a whole the estimations by the two theoretical
models for two different sea-states are comparable with those
obtained from visually gathered information. For the swell
dominated condition the Bretschneider model overestimates the
observed percentage frequency of occurrence of wave periods
during varieus months to a maximum of 12.5/ and for the sea
and swell combined sea-state, the gamma model underestimates

to a maximum of 12.0%.

4.3. Distributions of zero-crossing wave periods

The zero~crossing wave period is the average of the zero-
up crossing wave period (The time difference between two con-
secutive points at which the wave crosses the mean sea level
in the upward direction) and zero-down crossing wave period
(The time difference between two consecutive points at which

the wave crosses the mean sea level in the downward direction).

The monthly distributions of the zero-crossing wave
periods computed from averaged significant wave periods obtained
(sec. 1.4.3.2) from the N.P.O.L atlas (grid 17) and N.I.O atlas
(grid 1) are compared, with that calculated for Valiathura
(Trivandrum) from recorded wave statistics (Baba, 1985). These

three distributions are given in Fig.7.



‘umIpueATiIl JFIO

r
-—
—

ANBV spoTaad sABM FO SUOTINATIAISTP ATyauow ay3z Jo uostaedwod °*L°*HBHTJ
SHINOW
a N 0 S v r ( W v W k| r
1 i
L L i b 1 1 i | 1 1 m _.ﬂ
)
T
-9 3
O
V).
4.
L. &
<
Z
m
- 8 -
. m
T, Y
-~ . : m
. o PP ., . -6
l.. l.!t 0.. 0-. ..0 .. ZH.\
Q.. I.IOQ .l. ."o -.Q- N . - M
X (Q3Qu003Y) LTt 0l »
s y J 8
(O'I'N:*I'ONQId9) 'L m
n

(10d'N LI'ON QId9) %1



87

The recorded waves show an average monthly zero-
crossing period ranging from a minimum of 8.3 S in May to a
maximum of 10.7 S in December. The sea and swell combined
state provides a monthly distribution of zero-crossing wave
periods having a minimum of 7.0 S im January and a maximum
of 7.7 S in May. For the swell prevailed condition the
monthly distributions of wave periods gives a minimum of
6.9 S in January and a maximum of 7.7 S in June and July.

For both the sea and swell combined sea-state and the swell
prevailed sea-state, the consistency in the monthly distribu-
tions of zero-crossing periods is equally higher than for the
short-term monthly distributions of zero-crossing periods

derived from recorded wave data off Valiathura (Trivandrum).

The monthly distributions of the wave periods obtained
for sea and swell combined condition, swell prevailed sea-
state and recorded information do not show any similarity in
trend. Some trend is observed (Fig.7) during August to
December for grid 17 and grid I. The average zero-crossing
pefiods for various months computed from recorded information
(Baba, 1985), show higher values throughout the year than
those from grid 17 and grid I. Calibration of the visually
obtained periods would require recorded information en long-

term distributiens of wave periods.
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4,4, Distribution of wave power off Trivandrum

The monthly distribution of wave power computed for
swell prevailed condition (grid I) and sea and swell combined
sea-state (grid 17) using the relation given in section 1.4.3.2,
are given in Fig.8. These are compared, with the wave power
calculated from recorded wave information off Trivandrum

(Thomas et. al. 1986).

The sea and swell statistics (grid 17) show an annual
variation of wave power ranging from a minimum of 1,35 kwm-l
during April to a maximum of 7.03 kwm.l during July. The swell
statistics on the other hand, show larger monthly variation
ranging from a minimum of 3.35 kwm-l during March to a maximum
of 21.50 kwm-l during June. The averages of wave power for the

annual, fair weather (November to April) and rough weather

(May to October) periods are given in table XII.

The sea and swell statistics (grid 17) provide lower
values of wave power while the swell statistics (grid I) provide
values comparable with wave power obtained from nearshore record-

ings.

Average wave power is maximum (23 kwm-l) during June and

July (Thomas et. al. 1986). The wave power computed from sea

1

and swell statistics for these months are 6.69 kwm ~ and
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Table XII

Comparison of wave power for annual, fair weather
and rough weather periods.

Wave power kwm ™
Data Fai Rough
air
Annual Weather Weather
Sea and Swell 4,26 2.70 5.82
Swell 10.45 6.42 14.49
Nearshore 10,00 4,52 15,50

(off Trivandrum)
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7.03 kwm! respectively which are very low estimations than
those from recorded wave information. The respective values

for swell prevailed conditions are 21.50 kwm-l and 18.57 kwm-l

Thomas et. al. (1986) arrived at the conclusion that wave
power along Trivandrum coast is usually less than 10 kwn-l during

fair weather seasons. During rough weather time wave power
usually exceeds 10 kwm-l. This is true for swell prevailed
condition (grid I) but the values are very low in the case of
combined sea and swell wave statistics for both fair and rough
weather seasons. (Fig.8). The monthly distributions of the
wave power obtained from recorded information off Trivandrum
(Thomas et. al. 1986) resemble the distribution of wave power

averaged from swell statistics especially during rough weather

season.

9.1. Long-term distributions of wave periods off Mangalore

The long-term distributions of wave periods for grid 9
(N.P.O.L) and grid VII (N.I.O) are visually examined (Fig.9
(a=f)). After examining the monthly distributions of the
percentage frequency of occurrence of wave periods it is seen
that of the four models suggested for this purpose, the
Bretschneider model explains the long-term distributions of
the wave period patterns of swell prevailed condition and the
gamma model explains the wave period patterns of sea and swell

combined conditions.
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The broad band of wave periods reveal the presence of
sea and swell combined sea-state (Fig.9, histograms). The
wave periods range from less than or equal to 5 S to more
than 21 S. The gamma model corporates with the changing wave
period patterns more effectively than the other three models.
The peak percentage frequency of occurrence of wave periods
lies in the period range 0.5 S to 5.5 S except in July and
August when it lies in the period range 5.5 S to 7.5 S. The
maximum of the peak is found to be 26.0% in the period range
5.5 8 to 7.5 S, in August and, the minimum of the peak is
17.04 in the period range 0.5 S to 5.5 S, in June. The second
peak is observed at 5.5 S to 7.5 S except in July and August
when it is in the range 0.5 S to 5.5 S. The maximum of the
second peak is found to be 19,54 in October and the minimum
of thg second peak is found to be 9.5/4 in February. The
observed wave period patterns do not show any considerable
variations during the year. The gamma distribution estimates
the observed peak percentage frequency more or less correctly.
It overestimates and underestimates the peak percentage frequency
to @ maximum of 3.0% and B.5X respectively. 1t overestimates
and underestimates the second peak percentage frequency to a

maximum of 7.0%4 and 8.5/ respectively.

Swell prevailed sea-state (grid VII) is evident from the

presence of a narrow band of wave period compared to the band
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of periods of sea and swell combined condition (grid 9).

Wave periods of less than or equal to 5 S to 15 S are
observed under this sea-state. The peék percentage frequency
lies in the period range 5.5 S to 7.5 S and it is prominent

during May to September.

A second peak frequency is observed between 7.5 S to
9.5 S from June to August. It shifts to 0.9 S to 5.5 S from
September to May. The maximum and the minimum of peak
frequencies are found to be 46.0% in September and 22.5% iqf
March respectively. The maximum anq the minimum of the second
peak frequencies are 38.0% in August and 14.5/ in May and

September respectively.

The Bretschneider model is the best among the four
distributions tried for describing the long-term distributions
of swell wave periods. But it does not give a good fit on the
higher side of the waQe periods ranging from 11.5 S to 15.5 S.
This portion is estimated from the gamma distribution better
than the other three. The exponential curve fails in describ-
ing the long-term distributions of wave periods in almost
all cases. The Bretschneider model gives a uniformly good
visual fit to the observed distributions of long-term swell

wave periods.



Table XIII

Comparison of percentage frequency of occurrence of
significant period in the range 5 S to 7 S obtained
for swell prevailed state (grid VII) and sea and
swell combined condition (grid 9) with those from
theoretical models.

Data Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Swell

Visual 86.0 85,0 77.0 90.0 74.5 56.5 53.0 61.0 82.0 76.5 87.5 76.0
(grid VII)

Bretsch-

neider 90.0 98.5 94.5 95,5 70.0 60.0 55.0 69.0 83.0 90.5 96.5 86.0
(theore-
tical)

Sea and
Swell

Visual 80.0 73.0 80.0 66,0 67.5 57,5 57.0 63.5 69.0 74.5 66.0 72.0
(grid 9)

Gamma 79,5 65.0 72.5 60.9 65.0 67.0 57,5 63,5 64.5 71.0 64,5 66.5
(theore-
tical)
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The Bretschneider model overestimates the percentage
frequency of occurrence of significant wave periods of swell
dominated condition (grid VII) whereas gamma model estimates
more or less correctly those observed for sea and swell
combined condition (grid 9) (Table XIII). In general, the
estimation by the two theoretical models for two different
seaestates are comparable with visually obtained information.
The Bretschneider model overestimates the percentage frequency
of occurrence of wave periods ( £ 5 S to 7 S) during various
months to a maximum of 17.5/X for swell prevailed state and the
gamma model underestimates to a maximum of 9.54 for sea and

swell combined sea-state.

5.2, Distribution of zero-crossing wave periods off Mangalore

The monthly distributions of the zero-crossing wave
periods computed from averaged significant wave periods for

grid 9 (N.P.0O.L) and grid VII (N.I.0) are shown in Fig.l0.

The monthly distributions of the wave periods (TZ) for
sea and swell combined condition show a minimum of 6.4 S in

January and a maximum of 8.0 S in April.

For the swell prevailed sea-state a maximum of 7.7 S in
June and a minimum of 6.7 S in February and April are observed.

For the swell prevailed conditions, the distributions of the
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wave periods (Tz) are found to be more consistent than for

sea and swell combined condition.

The distributions of the wave periods for sea and swell
combined state and swell dominated sea=state do not show any
similar trend (Fig.l0). Calibration of the visually'averaged

wave periods could not be attempted for want of recorded wave

information.

5.3. Distribution of wave power off Mangalore

The monthly distributions of wave power for swell dominated

sea-state (grid VII) and sea and swell combined sea-state (grid 9)

are shown in Fig.ll.

The annual variation of wave power for sea and swell
statistics ranges from a minimum of 1.41 kwm-l during December
to a maximum of 14.55 kwm-l during.July. For swell prevailed
state, a larger monthly variation ranging from a minimum of
1.96 kwm-l during April to a maximum of 30.78 kwm"l during July
is observed. A comparison of averages of wave power for the
annual, fair weather (November to April) and rough weather (May
to October) periods is given in table XIV. The sea and swell
statistics (grid 9) provide lower values of wave power compared

to the swell statistics (grid VII).

The reliability of this information could not be checked

for want of values obtained from recorded information.



Table XIV

Comparison of wave power for annual, fair weather

and rough weather periods.

-1
Data Wave power kwm
Annual Fair Rough
Weather Weather
Sea and Swell 4,63 2.18 7.07
Swell 10.19 3.92 16.45
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Chapter-5
SUMMARY AND CONCLUSIONS

In this thesis, we have made an attempt towards under-
standing the wave climate along the southwest coast of India
with the aid of some of the available statistical techniques
and various parametric relations based on a model that
appeared to be empirically valid. The wave climate parameters
computed using visually averaged wave information published
in N.P.O.L (1978) and N.I.0 (1982) atlases have been compared
with the wave climate parameters calculated from available

recorded wave information off Trivandrum and Mangalore.

The first chapter of the thesis described briefly the
importance of the study of waves and reviewed the literature
on wave research carried out in Indian Ocean. The scope of
the work, materials used and the methodologies adopted have

also been presented in this context.

The various models tried for modellinc long-term
distributions of wave heights and wave periods have been
reviewed in chapter 2. A mathematical explanation for the
validity of Weibull model for describing the leng-term wave
height distributions and the reasons for preferring this over

other available models for this purpose were also discussed.
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Certain parametrical relations from Weibull distribution .have
been derived. Also the motivations for using Weibull distribu-

tion for modelling wave heights have been discussed.

From the mathematical justification brought out for the
validity of Weibull distribution for modelling wave heights,
it has been concluded that the rate of change of decay of wave
is a more rapidly increasing function of wave height rather
than a8 linear increase as contempléted in the case of Longuet-
Higgins distribution. The Weibull distribution can be proposed
for any sea conditions, where the shape parameter b takes care
of the prevailing sea conditions, and being able to provide
different shapes for different values of b it is more flexible
than the other models in use. This distribution fits for all
data that follow exponential or Rayleigh exactly and fits
approximately for data that follow gamma, log-normal, extreme
value etc. The motivation for using Weibull distribution is
to meet the twin purposes of accommodating the Rayleigh distribu-
tion whenever it holds and also to provide adequate fit in data

situations when the latter appears to be inappropriate.

The Weibull model was fitted to the visually averaged
wave height data obtained from 17 grids of the N.P.O.L atlas
and 12 grids of the N.I.0 atlas for approximate parameters a*

and b* in the third chapter. From the results obtained we were
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led to conclude that there is sufficient experimental support
for using the Weibull distribution for modelling wave heights.
Hence using a* and b* as pilot estimates, more accurate
estimates of a and b were calculated and the distribution was
fitted with these values. This gave considerably improved
fits in many of the cases. From these results one could
easily see that the long-term wave height distributions in

the regions under investigation followed the Weibull better
than any other competing models. A detailed wave climate study
is made for grid 17 and grid 9 of the N.P.O.L atlas (1978),
and grid I and grid VII of the N.I.O atlas (1982). Recorded
wave information off Trivandrum (overlapping portion of

grid 17 and grid I) and off Mangalore (overlapping portion

of grid 9 and grid VII) are available. To emphasize reliability
on wave climatological studies based on visually averaged wave
information, the wave statistics computed for these grids have
been compared with the available recorded wave information off
Trivandrum and Mangalore. The wave statistics considered in
this connection were long-term wave height distributions,
ratios of standard wave height parameters, averaged maximum
wave heights to occur within 5, 10 and 100 years, return
periods of maximum wave height, probability of realising a
wave height greater than a designated value in a given period

of time and wave directions.
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Long-term wave height distributions obtained from
grid 17 (N.P.O.L) and grid I (N.I.0) have been examined with
the available theoretical models for this purpose and the
goodness of fit was tested using X2- test at 0.05 level of
significance. For both the sea and swell combined condition
(grid 17, N.P.O.L) Weibull distribution explains the wave
patterns observed in February, April, June, July, September
and November and of swell prevailed sea-state in January,
March to August, October and November. The Weibull over-
estimates and underestimates the peak percentage frequencies
of wave heights to a maximum of 10.5/ and 12,5/ respectively.
The model explains the varying wave patterns and the long-
term wave height distributions obtained from grid 9 (N.P.O.L)
and grid VII (N.I.0) better than the other available models.
The sea and swell data for grid 9 have been found to follow
Weibull in 924 cases. In this case, the Weibull explains
the wave patterns observed in January, April to August and
November. The overall analysis suggests that the Weibull

distribution offers a uniformly good fit.

From the various ratios of standard wave height para-

meters computed and predicted using Weibull model for grid 17

(N.P.O.L) and grid I (N.I.0), B/n , H) 3/ R and Hy/10/ Hy/3

are relatively more consistent and can be used for practical
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purposes. The inconsistencies of Hmax/Hl/3’ ”1/10/“ and
Hmax/n may be due to the bias in reporting high waves by
merchant ships. In the case of grid 9 and grid VII, a

maximum consistency is seem to be associated with Hl/3/ﬁ

and Hl/lO/Hl/3 while H___/n shows the least consistency.

ma x
The reliability of these ratios has to be checked with the
help of long-term recorded wave information which, at present,

is not available.

The averaged maximum wave height to occur within 5
years from Weibull model is computed to be 6.19 m considering
overall data in the case of swell prevailed state (grid I) and
it is found to be comparable with that calculated from recorded
wave information at Valiathura (off Trivandrum). The averaged
maximum wave heights to return within 5, 10 and 100 years are
also computed for grid 9 and grid V11 and are compared, with
those calculated from available recorded wave information off
Mangalore. The decennial waves computed from Weibull model
for swell data (grid VII) are found to be 6.14 m and 7.97 m
using overall data and monsoon data respectively and are

comparable with those obtained from recorded data off Mangalore.

The return periods of the maximum wave heights obtained
from grid 17 (N.P.O.L) and grid I (N.I.O) are calculated using

the relation derived from the Weibull model. The maximum wave
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height reported for sea and swell combined condition (grid 17)
is 7.5 m and its averaged return period is found to be about
3.40 years. For the swell dominated sea-state (grid I), the
maximum wave height is obtained as 5.0 m and period of its
re-occurrence is approximately 2.88 years. The return period
of the recorded maximum wave height of 6.02 m at Valiathura
(of f Tfivandrum) is found to be 5 years. Considering overall
data it is expected that this height will re-occur within
2,52 years in the case of sea and swell combined condition
(N.P.O.L), and within 6.27 years for swell prevailed state
(N.1.0). This return period (6.27 years) is comparable with

the re-occurrence of the recorded maximum wave height (6.02m).

The averaged return periods computed for the averaged
maximum wave heights obtained from grid 9 (6.5m) and grid
VII (5.0 m) taking into account the overall data are respectively
3.05 years and 4.20 years. These results could not be checked
because recorded wave information are at present not available

for these region.

Thus it is seen that high waves reported for sea and
swell combined condition are more frequent than the high waves
reported for swell prevailed state. This is true since the
ocean characterised by sea and swell are chaotic and irregular

and are frequently influenced by high waves.
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The maximum wave height is found to be 6.02 m from
wave recording at Valiathura (off Trivandrum) and the duration
of recording (5 years) can be considered as its return period.
But this maximum wave height is recorded on the 3rd year of
wave recording. Hence the chance of this height to occur
within 3 years is seen to be 60.0%. Considering the sea and
swell combined condition (grid 17) the probability of this
height to occur within 3 years is computed to be 100.0% and
for the swell dominated state (grid I) it is 47.9% which is
nearer to the probability of this height obtained from wave

recordings at Valiathura.

The maximum wave height reported for sea and swell
combined state is 7.5 m (grid 17) and the probability of this
height to occur within one year is calculated to be 29.44%.
But the maximum wave height published in the N.I.O atlas
(grid I) is 5.0 m and the chance of this height to re-occur

within a year is calculated as 34.7«.

For sea and swell combined condition (grid 9) the
maximum wave height is reported to be 6.5 m and the probability
of its re-occurrence within a year is 32.8% and within 2 years,
65.6£. On the other hand, for the swell prevailed state, the
maximum wave height is obtained as 5.0 m (grid VII) and the

chance of this height and higher to occur within a year is
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computed to be 23.84 and within 2 years to be 47.6%. The
reliability of these results are to be checked with the
results obtained from recorded wave information, which are

at present not available.

A comparison of the wave directions published in the
atlases for sea and swell combined state (grid 17) and swell
prevailed state (grid I) with measured wave directions
obtained off Trivandrum (20 m) and Valiathura (5 m) was made.
Both the sea and swell combined sea-state and swell prevailed
state are predominantly characterised by westerly waves during
southwest monsoon period which deviate to westsouthwesterly
on approaching the nearshore regions. Westerly or south-
westerly waves dominate during post-monsoon season in the
case of both the sea-states. Both the atlases and also the
measured wave directions at 20 m indicate northerly or north-
easterly components during the northeast monsoon. Variable
wave directions are experienced in pre-monsoon season. The
swells (5 m) approach from directions between west and south-
west throughout the year. There is no correlation between
the wave directions obtained for the wider deep sea area

covering grid 17 and grid I and the nearshore regions (5 m).

The monthly predominant wave directions obtained from
grid 9 (N.P.O.L) and grid VII (N.I.0) atlas have also been

compared. For sea and swell combined condition (grid 9), .the
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waves approach from directions ranging between westsouthwest
and westnorthwest during southwest monsoon season while for
swell prevailed condition, the waves approach from directions
between west and northnorfhwest. Southerly or northnorth-
westerly waves are predominant during post-monsoon season. In
both the atlases, during the northeast monsoon peried,
northerly or northnorthwesterly directions of wave approach
are indicated. Waves from northnorthwest to north are
indicated during the pre-monsoon season. From this comparative
study, it can be seen that the predominant wave directions for
both sea=states are nearly the same during different seasons.
However, off Mangalore, a comparative study is not possible

at present for want of measured information on wave directions.

The fourth chapter tries to explain statistically the
long-term distributions of wave periods (Ts) obtained from
N.P.O.L atlas (grid 17, grid 9) and N.I.O atlas (grid I,
grid VII) by comparing them with statistical probability
distributions. The monthly distribution of the zero~crossing
wave periods (Tz) computed for the above mentioned grids are
compared with those computed from available recorded wave
data. The monthly distribution of wave power is computed
from visually averaged wave information (grid 17 and grid I)
and compared with wave power calculated from recorded wave
statistics off Trivandrum. The wave power is also calculated

for grid 9 and grid VII.
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The long-term distributions of wave periods obtained
from the N.P.O.L (grid 17) and N.I.0 (grid I) atlases are
compared with four theoretical models, ie. gamma, Bretschneider,
exponential and Rayleigh distributions. The goodness of fit
of these curves is tested visually and two models are suggested
for two different sea-states, the gamma for sea and swell
combined state (grid 17) and the Bretschneider for swell dominat-

ed state (grid I).

The sea and swell prevailed condition is characterised
by the broad band of wave periods. The range is from less than
or equal to 5 S to more than 21 S. In most of the cases, the
observed peak percentage frequency lies in the period range
0.5S5 - 5.5S. A second peak is at 5.5 S - 7.5 S. The gamma
distribution estimates the observed peak percentage frequency
comparatively more accurately. A maximum of 8.0% under-
estimation is noted for the second peak percentage frequency.
The exponential distribution is the second suitable model for

explaining the observed wave period pattern.

The swell prevailed state (grid I) is characterised by
a narrow band of wave periods ( { 5 S to 15 S). During the
southwest monsoon season, the peak percentage frequencies
are prominent and lies between 5.5 S§S to 7.5 S. During the

rough weather season, a second peak percentage frequency is
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observed in the period range 7.5 S to 9.5 S and during the

fair weather season, it is in 0.5 § to 5.5 § range.

!

The Bretschneider distribution appears to be the best
among the four models considered in the present study, to
describe the long-term di;tributions of swell wave periods
(grid I). It fails to explain the higher side of the wave
periods and that part is estimated better by the gamma
distribution. The Bretschneider distribution gives uniformly
a good visual fit to the visually averaged long-term distribu-

tions of wave periods.

The long-~term distributions of wave periodsoff Mangalore
obtained from grid 9 (N.P.0.L) and grid VII (N.I.O) are also
examined. A comparison of the above models firmly suggests
that the Bretschneider distribution describes the long-term
distribution of the wave périod pattern of swell dominated
state and the gamma model explains the wave period patterns

of sea and swell combined conditions.

The dominence of sea and swell combined sea-state is
evidenced by the broad band of wave periods ( ¢ 5 S to more
than 21 S). The peak percentage frequency lies in the period
range 0.5 S to 5.2 S except in July and August when it lies
between 5.5 S to 7.5 S. The maximum of the peak lies at
26.0% in August in the range 5.5 S to 7.5 S and the minimum
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of the peak at 17.0#% in June in the period range 0.5 S to 5.5 S.
A second peak is seen in the range 5.5 S to 7.5 S for all the
months except in July and August when it is in the range 0.5 S
to 5.5 S. The gamma distribution takes the form of the visually
averaged wave period patterns and it estimates the first and the

second peak percentage frequencies more or less correctly.

The narrow band of wave periods ( 5 S to 15 S) is
characterised by swell dominated state (grid VII). The peak
percentage frequency is prominent during Méy to September and
it lies in the period range 5.5 S to 7.5 S. A second peak
frequency is noticed in the range 7.5 S to 9.5 S from June to

August and in the range 0.5 S to 5.5 S from September to May.

The Bretschneider distribution describes the long-term
distributions of wave periods better than the other three
models. The higher ranges of the wave periods (from 11.5 S
to 15.5 S) are estimated more effectively by the gamma distribu-
tion. Thus the gamma distribution can be suggested for explain-
ing the long-term distributions of wave periods for sea and
swell combined state and the Bretschneider distribution for
the long-term distributions of periods of swell dominated

state.

The monthly percentage frequency of occurrence of wave

periods lying in the range less than or equal to 5 S to 7 S
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obtained for sea and swell combined state (grid 17, grid 9)
and swell prevailed state (grid I, grid VII) is compared
with that obtained from the theoretical models suggested for
the two different sea-states. It is seen that the estimated
values from Bretschneider model are higher than the values
obtained for swell dominated state and the estimations made
from gamma model are nearly equal to the values obtained for

sea and swell combined state.

The monthly distributions of the zero-crossing wave
periods for sea and swell combined state (grid 17) and swell
dominated condition (grid 1) are compared, with those
obtained from wave recordings off Valiathura (Trivandrum)
(Baba, 1985). The distribution of wave periods for grid 17
(N.P.O.L) and grid I (N.I.0) seem to be more consistent than
those derived from recorded wave statistics off Valiathura
(Trivandrum). No similarity in trend is observed among the
three distributions. The values obtained from grid 17 and
grid I are lower than the values obtained from recorded

information throughout the year.

The long-term wave period (Tz) distributions for grid 9
and grid VII show no similar trend. The distribution feor
swell prevailed condition is more consistent than for sea and

swell combined condition. The visually averaged long-term
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distributions of wave periods are to be checked with the
recorded information on long-term distributions of periods

for emphasizing reliability of these statistics.

The monthly distribﬁtion of wave power computed for
grid I and grid 17 are examined and compared with the wave
power computed from recorded wave statistics off Trivandrum.
For the sea and swell statistics (grid 17), a minimum power
of 1,35 kwm t during April and a maximum power of 7.03 kwm ™
during July are observed. On the other hand, the swell
information (grid I) show a larger variation (3.3% kwm-lduring
March and 21.50 kwm-l during June). The wave power calculated
from nearshore recordings (off Trivandrum) are comparable with
the values computed from the swell wave statistics. During
rough weather season (May to October) the monthly distribution
of wave power computed from swell wave statistics (grid I) and
the wave power obtained from recorded wave information off
Trivandrum (Thomas et. al. 1986) show a similar trend. The
recorded waves are mainly swells and this may be the reason
for the nearness of values of wave power calculated from swell
wave statistics (grid I) and from wave recordings (off

Trivandrum).

The monthly distributions of wave power are also computed
from wave statistics obtained from grid 9 (N.P.0.L) and grid VII

(NeI.O). A minimum wave power of 1.41 kwm™ during December
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and a maximum wave power of 14.55 l(wm-l during July are
observed for sea and swell combined state (grid 9). For swell
dominated state, a minimum of 1.96 kwm ™ - during April and a
maximum of 30.78 kwm"l during July are indicated which give a
larger variation compared to sea and swell combined sea-state.
The wave power estimated for sea and swell dominated state
provides lower values compared to the wave power calculated

from swell prevailed condition (grid VII).

By examining the various wave statistics obtained and
computed for sea and swell combined state (N.P.O.L atlas) and
swell prevailed state (N.I.O atlas) in the light of available
recorded wave information, it can be concluded that the
visually averaged wave statistics can be used for wave
climatological studies provided the information is calibrated

with recorded wave information for emphasizing reliability

of the data.

Problems for future work

In the present and concluding section we look at the
problems that have come to the fore as a result of the investiga-
tions so far carried out and provide some proposals for the

future course of action in this regard.
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The first of these concerns with the Weibull model
itself. Although the empirical support that has been received
from the data strongly favours this model and a plausible
analytical argument given in section 2.3 supports this con-
jecture, a formal derivation of the Weibull distribution
based on the physical conditions that govern the formation
of wave heights is still lacking. The main difficulty that
arises in providing such a rigorous theoretical derivation
is the inherent complications that arises when one attempts
to relax the narrow band assumption of Longuet-Higgins model
and the multiplicity of facts to be taken into consideration
in such an event. An investigation in the theory of extremes
that explains the conditions for a limit law to be Weibull
that parallels the result of Longuet-Higgins to arrive at
the Rayleigh distribution could be an answer to this problem.

Some attempts are being made in this direction.

Although the data that has been subjected to scrutiny
so far indicates the validity of the model and conclusions
derived therefrom, its acceptance and reproducibility to
other regions need further probe and extensive data analyses.
Even from what has been examined already one has to look back
at the situations where the Weibull law failed to provide
an adequate fit. The problem in this connection appears to

be more with the data rather than in the endurance of the
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model. The legitimacy of our claim stems from the fact that
even when the theoretical conditions under which the Rayleigh
model is derived is reasonably met, there is lack of fit to
that model as evidenced from tables of b values given in .tables
III% IV. Majority of estimates are far off the ideal value
which is two. The reason that can be attributed to such
inconsistencies, is the high subjectivity and bias involved

in assessing the visual observations. It is common tendency
to view low values as still lower and high values as still
higher and this creates a few extreme observations that are
discordant with the moderate observations which form the
majority. Such unusually small or large observations will
naturally be fewer in a data set, nevertheless they are enough
to contaminate the model. It has been detected during the
course of our analysis that in quite a few cases where Weibull
distribution proved inadmissible, observations that could be
suspected as discordant were indeed present in the data. The
identification of such observetion as 'outliers' from the
hypothesised model requires special tests for the purpose.

Once these observations are detected by statistical techniques,
the data could be cleaned off them and revised estimates of

the parameters would give better fits and thereby more accurate

conclusions.
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The data arising from the two atlases we have used
(N.P.O.L and N.I.O) did not provide the same amount of
reliability as basically they were representing different
conditions (sea, sea and swell). Since the data pertaining
to sea and swell conditions could be slightly different
from that arriving out of the swell condition alone, it is
preferable to introduce variations in the basic model that
can accommodate such differences. One way to do this is to
use a simple Weibull model for the N.I.O data and a mixture
of Weibull models to the N.P.O.L data so that thg mixing
constant measures the influence of the sea and swell compon-
ents on the final observation. This can also pave way for
isolating the effect of the sea component in the N.P.O.L
atlas and therefore its elimination would make the two
data sets comparable. Needless to say that, this would lead

to more accurate visual observations.

On the basis of the literature survey in chapter 4,
we have remarked earlier that very little work has been done
in finding a suitable model to represent the wave periods.
The present thesis also could not accomplish anything more
than a comparison of the existing models based on some
visual data. The picture that has emerged from the investiga-
tions so far is that, all the models tried have been tentative

in their action and that a suitable law valid over time and
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space is yet to be found. Some work towards this direction
is also in progress. It is hopefully wished to present the

results of these investigations in a future work.
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INTRODUCTION

Wind waves provide the major dynamic forces causing changes in
physiography of the nearshore reglons. Increased maritime activities like
offshore mineral and oll exploration, utilisation of wave energy, construc-
tion of marine structures and harbours, shipping and naval activities
require accurate information on wave characteristics.

Wave information is obtained through visual observations and use
of a variety of wave gauges and recorders. Goldsmith et al. (1983) studied
the wave climatology of the Southeastern Mediterranean using a variety
of sources Including visual observations and directional wave gauge
measurements and suggested that visual observations provided a rea-
sonable representation. Laing {1985) based on an assessment of wave ob-
servations from ships in Southern Oceans concluded that there was very
little vonsistency in the reporting of swell periods and swell directions.
Reporting of heights, however, provided considerably better reliabitlity.
Despite the inconsistencies, Intercomparisons show that visual data are,
In general, representative of many of the physical characteristics of wave
field and, therefore, can be useful In climatological studies. Visual
observations of wave heights are still the main source of statistical
information available for the prediction of extreme wave conditions
(Soares, 1986].

MATERIALS AND METHODS

Ship-based visual observations reported by the Indta Meteorologi-
cal Department in the dally weather reports for 0830 and 1730 IST have
Ocran wave studies and applications

M.Baba and T.S.Shahul Hameed (Eds.)
CESS, Trivandrum, 1989.
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been compiled in the wave atlases prepared by the Naval Physical and
Oceanographic Laboratory using data for 1960-1969 (N.P.O.L.,1978)
and by the National Institute of Oceanography using data for the period
1968-1973 (N.1.O., 1982). The N.P.O.L. wave atlas includes both sea and
swell statistics and the N.1.O. atlas provides swell information. The wave
parameters provided in these atlases are height, period and direction. In
the atlas compiled by N.P.O.L., the part of the Arabian Sea north of 5°N
and east of 61° E has been divided into 17 zones of 4° squares and in the
N.I.O. atas this area is divided into 12 zones of 5° squares. Wave
statistics for each square has been presented month-wise in both atlases.
Long term distributions of wave height, direction and power obtained
from Grid No. 17 (5° - 9°N, 73° - 77°E} of the N.P.O.L. atlas and Grid No.
I{5°-10°N, 75° - 80°E) of the N.1.O. atlas are used in the present study
(Fig. 1). Recorded wave information obtained at 20 m off Trivandrum
using OSPOS wave recorder (Narayanaswamy et al., 1979) and at 5 m
off Valiathura using pressure type recorder {Baba et al.. 1983) are used
for comparison with wave statistics computed from visual observations.
The long-term distributions of wave heights are tested with the theoretical
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Fig. 1 Map showing Grid No. 17 of N.P.O.L. atlas and Grid No. |
of N.L.O. atlas used in the present study.
Weibull, Rayleigh and exponential distributions. The directions of wave
approach are also compared with published information. Wave power is
computed monthwise for both the grids and compared with power
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calculated from recorded information (Thomas et al.,1986). Wave power
is calculated using the equation P=0.55HST, kW/m which is the power
avallable In random sea (Salter, 1974; Raju and Ravindran, 1987). T, Is
obtained from the relation Ty=1.3T,-2.5 (Dattatrl and Renukaradhya,
1971).

RESULTS AND DISCUSSION

Comparisons of observed wave height distribution with Welbull,
Rayleigh and exponential distributions during different months are
made. A typical example is given in Fig. 2. Rayleigh distribution agrees
with the observed distribution during March, April and December in the
N.1.O. grid and during April. May, June and July in the N.P.O.L. grid. The
exponential distribution fits only during February in the N.1.O. grid and
during January, November and December in the N.P.O.L. grid. In both
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Fig. 2 Comparison of the distribution of observed wave heights
with theoretical distributions.

grids, the exponential distribution underestimates the percentage of fre-
quency of occurrence of wave heights during most of the months.
Rayleigh distribution overestimates in half of the cases and underesti-
mates in the other half. The best fit is provided by the Welbull dis
tribution. It fits for all the data that follow either Rayleigh or exponential
distributions since they are special cases of Welibull for A=2 and =1
respectively, where A is the shape parameter of the Welbull curve. For
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the sea and swell statistics (N.P.O.L.), the Weibull distribution overesti-
mates the maximum frequency of occurrence of wave heights during
March (10.5%)., April (5.5%)., November (5.5%) and December (3%). For
the swells (N.1.O.), the Weibull distribution provides underestimates
during January (7%), March (12.5%)}, May (9%). June (6%), September
(8%), November (4%) and December (6%).

Table 1 gives comparison of wave directions obtained from the
wave atlases with recorded information off Trivandrum (Narayanaswamy
et al., 1979) and Valiathura (Baba et al., 1983) . By studying the average
wind pattern over the seas around India for fifty years, Srivastava et al.
(1970) grouped the twelve months into the following four seasons for the
study of waves in seas around India: pre-monsoon (March-April), south-
west monson (May-September), post-monsoon {October) and northeast
monsoon {November-February).

Table 1 Comparison of monthly predominant wave directions.
Recorded off Recorded off

Grid No. 17 Grid No. I Valiath
Month N.P.O.L. atlas N.LO. atlas Tn;lzagcrlnr)um a(; m\).:ra
Jan 030(NNE) 030(NNE) 06 1(ENE) SsSwW
Feb 060(ENE) 330(NNW) O016(NNE) SSW
Mar 360(N) 330(NNW) O30(NNE) SsSwW
Apr 360(N) 180(S) 222(SW) SwW
May 270(W) 270(W) 250(Wsw) WsSwW
Jun 270(W) 270(W) 256(WSW) wsw
Jul 270(W) 270(W) 260(W) w
Aug 270(W) 270(W) 246(WSW) wsw
Sep 270(W) 270(W) 252(Wsw) wsw
Oct 270(W) 270 and 180 231(swW) SwW
(WandS)
Nov 300(WNW) 360and 180 150(SSE) SW
(Nand S)
Dec 360(N) 030(NNE) O051(NE) SwW

It is seen that during the southwest monsoon season. both atlases
indicate predominantly westerly waves which tum to west-southwesterly
on approaching the shallow regions. Post-monsoon is characterised by
westerly or southwesterly waves. During the northeast monsoon period,
northerly or northeasterly components are predominantly indicated by
the atlases as well as the recorded information at 20 m. Pre-monsoon
season manifests variable wave directions. Near the shore, at 5 m depth,
the swells approach from directions between west and southwest through-
out the year.
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Fig. 3 shows monthly distribution of wave power for Grid No.17 of
N.P.O.L. and Grid No.I of N.1.O. atlases. The sea and swell statistics show
an annual variation of wave power ranging froma minimum of 1.35 kw/
m during April to a maxtimum of 7.03 kW/m during July. The swell
statistics, on the other hand, show larger monthly variation ranging from
a minimum of 3. 35 kW/m during March to a maximum of 21.50 kW/m
during June. A comparison of averages of wave power for the annual, fair
weather (November to April) and rough weather (May to October) periods
are given in Table 2. The sea and swell statistics (N.P.O.L.) provides lower
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Fig. 3 Distribution of monthly average wave power.

values of wave power while the swell statistics (N.I.O.) provides values
comparable with wave power obtained from nearshore recordings.

The comparability of the various sources of wave informatton used
above, namely, sea and swell statistics for Grid No.17 (N.P.O.L.), swell
statistics for Grid No. I (N.1.O.), recorded wave information at 20 m off
Trivandrum and wave recordings at 5 m at Valiathura, may. however, be
examined with caution. Grid No.l and Grid No.17 overlap over a
rectangular area measuring 4° x 2° The wave recording stations off
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Table 2 Comparison of wave power for anual, fair weather
and rough weather periods.

Wave power (kw/m)

Data
Annual Fair weather Rough wecather
Sea and swell 4.26 2.70 5.82
Swell 10.45 6.42 14.49
Nearshore 10.00 4.50 15.50

Trivandrum and Valiathura are located in this overlapping area of the two
grids. The recorded waves are, however, swells over shallow depths while
the wave statistics is averaged over wider deep sea area. Ships usually
avoid rough seas and thus miss observations on sea waves. This
contributes to comparatively lower values obtained on averaging sea and
swell statistics. The good agreement in wave power computed from swell
data and that derived from recorded data may particularly be noted.
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ABSTRACT

wave Climatology Off Mangalore is analysed utilising long-term (visual) and short-term (recorded)
Observed
Weibull, Rayleigh, Gumbel, Lognormal and Exponential curves.
Methods for
most probable maximum wave heights are suggested.

information. long-term wave height distributions are tested with the theoretical
The best fit is obtained for
the Weibul! probability density function. computing maximum wave height and
A mathematical expression is derived
for predicting the maximum wave height of a predetermined magnitude and aiso the probability
of realising a wave height less than a designated value in a given period of time. The

decennial wave heights so obtained are comparable with those predicted from recorded wave

information. Of the various ratios of standard wave height parameters computed and predicted
using theoretical 'Weibull distribution, H”.3/ﬁ and Hl/lO/HIIB seem to be relatively more
consistent.

INTRODUCTION

Knowledge of wave climate in Indian Coastal Waters is

essential from strategic, economic and commercial points

of view. Wave information is obtained through visual

observations and use of a variety of wave gauges and
recorders. From a cross comparison of the wave climate
of the Southeastern Mecditerranean, developed from various
sources including visual ship observations, several authors
1983),

reasonable

(Goldsmith, Victor and Stan Sofer suggested that

visual observations provide a representation.

Laing (1985) observes that despite the inconsistencies on

wave observations from ships, the data is representative

of many of the physical characteristics of wave fields
and therefore can be wuseful in climatological studies.
Visual observations still remain to be the main source

available for the prediction of freak ocean waves (Soares.
1986), and
modelling wave heights,

therefore such data are highly relevant in

MATERIALS AND METHODS

At present the main sources of long-term distributions
of wave parameters in Indian Ocean are the wave atlases
compiled by Naval Physical and Oceanographic Laboratory
(N.P.O.L. 1978)

(N.1.O. 1982} using ship based visual observations.

and National Institute of Oceanography

Wave
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parameters obtalned from grid no, 9 (13°-17°N, 73°-74.7%)
of the swell atlas {N.I.O) arc used in the present study.
(Fig. 1)

2° x 2%

depth were carried out in this overlapping arca,

These grids overlap over a square area measuring

The wave recordings off Mangalore at 10m
Dattatri
that

and Renukaradhya (1971) suggested the deep water

waves are directly comparable to shallow water waves

off Mangalore since the crests travel parallel to the coast,
the bottom contours being practically parallel to the coast,
the coast being 8 very flat one and the refraction and
shoaling coefficient are very nearly unity. The available
recorded wave measurements in shallow waters are used

for calibration of the statistics obtained from visual

observations. For the long-term distributions of wave

heights, the models generally wused in literature arc
1985).
Rayleigh distribution is recommended for broad band spectra
(Longuet-Higgins. 1975,
1974; Dattatrl, Raman and Jothi

view of

Lognormal, Gumbel, “eibull and Exponentlal (Baba.
by several researchers.
Chakraborthy and Snider.
1979). 1In

available for

Sankar. several competing models
the purpose,
the best fit for the

on wave heights against the above mentioned theoretical

this paper attempts to [(ind

long-term visual observation data

distributions. The goodness of [it is ascertained by the

Xz»test at .05 level of significance.
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Ol these models, the Weibull distribution specified by
= A ke 1. h>0.0 >0

h - wav:helght. 2,6 - parameters, appears to be more
versatile for the foliowing reasons. Exponential and
Rayleigh distributions are particular cases of Weibull when
A= 1 and 2 respectively and therefore should naturally
fit well when the first two are appropriate. For data
that follow positively skewed distributions such as Gamma,
Lognormal, extreme value etc., the Weibull generally
provides a very good approximation. Empirical validation
of this fact is given in the next section. Welbull
distribution being the best model for wave height patterns,
some theoretical calculations using the distribution seem
to be in order.

Mean wave height, A =6 rt\ +"&—) where
)= fjk xhF ' dh

1 hl-’ h2' ceeencrsransonsone hn are a sequence of wave heights

the well known gamma function.

that are arranged in descending order of magnitude and

h(P) the mean of the first P.n of these values, where

173 and is derived as

Hs: r(ﬂoaa)ln+(£_3x3x T,EYX \’("0-; dj
N loga

Similarly . o0 _ |h)_|
Hijio= G“(OUBW),)*('%-_\)xm*"gl-: Y*Y ‘lda
Where Y:(_:::_\)

The probability density of the meximum wave heights

FbY =V —axp E(Eh__))]

Accordingly, the most probable maximum wave height

'
= (_[\"-_T“Ti] " and the mean maximum

, X - s n-t 4 5
wave height is E (hmax) %LY_"‘\L . —(—Dx;"ﬂ‘l de

0 < P £ 1, the significant wave is h

in a sample of size n is

F(hmey) = XFEY" ') (0.

is mode of hmax

Thom (1971) reports that there have been many instances
of huge waves in the open oceans and these may be
considered as waves of extreme heights. The time of
occurrence and magnitude of such unusually large waves
are of considerable importance in many areas of
application. Using Weibull model we can arrive at
expressions for predicting these wave heights considering
the wave heights (h) observed daily in a particular grid
as a random variable following that law. The largest
height HL that appears in a period of time will follow
the distribution G(h) = expf-n & ] In a series of
observations, the probability that the nth observation is
the first value that exceed HL is (I-G)n'le, where
no= L2, e On the average the number of

observations included between two adjacent values that
exceed HL is t (HL, ),C‘ ) ee” (HL/‘—M- This function
t can be interpreted as a period representing a re-
occurrence of HL' Therefore HL = ¢ xflog ll/n)l/a
gives the fundamental rclation connecting a prescribed
large wave height HL and its return period. Considering
n as one month and t as 10 or 100 vears, the decennial
and centennial waves are presented In Table - | for grid
no. 9 and grid no. VIl for overall data and monsoon data
and these are compared with information obtained from

recorded wave measurements,

Given a period of time t, the probability P that a wave
height larger than-HL will not be realised in m consecutive
years is P = (i -:-)m. Note that t increases If H
Increases. Hence when wave heights anticipated are larger
the return periods saiso become larger ie. unusuolly large

waves are realised only over longer periods of time.

The mean and root mean square (S.D) of certain standard
ratios of wave height porameters are computed using
observed visual wave statistics and are compared with

those obtalned from thcoretical Weibull model.
RESULTS AND DISCUSSIONS

The wave heights in grid no. 9 arc found to follow Welbull
in 92%, Gumbel in 58%, Rayleigh In 25%, Exponential
in 8% and Lognormal in none of the cases. For the Swell
data (grid no. VII) Weibuil fits in 27%, Gumbel in 36%,
Rayleigh, Exponentiat and Lognormal curves in none of
the cases. The comparatively lesser number of good fits
provided by Weibull curve in grid no. VIl can be attributed
to the dominances given for swell conditions while
reporting. Apart from the fit being good for both sea
and swell conditions, it also explains the observed wave
height patterns for swell dominated sea state,

The average decennial and centennial waves computed
from swell statistics (grid no. VI) and sea and swell
statistics {grid no. 9) [for overall data and monsoon dats
(June to September} are tabulated (Table - 1). Dattatri
(1973) derived 10 year maximum wave height to be 8
m. Also he got a value of 7,506 m by the method
suggested by Jean Larras (1970). The 10 year design
wave extrapolated from overall and monsoon data for
the Weibull distribution is 7.20 m and 6.40 m respectively.
(Dattatri. 1981). The results are comparable with those
obtained from swell data while the sea and swell statistics
give much higher values. This is because the recorded
waves are swells over shallow depths while the wave

statistics is averaged over wider deep sea area.

Among the various ratios computed H|/3/H and HI/lOIHIIJ



- S.D)
This
may be due to the missing of reporting of high wave

show maximum consistency while H__ /D , (™
shows relatively minimum consistency. (Table - 2).

because merchant ships usually avold rough sea conditions.

The most probable maximum wave heights obtalned for
overall date and monsoon data are 110 m, 1.62 m (grid

no. 9) end 1.77 m, 2.55 m (grid no. VII) respectively.

Table - 1
Averaged maximum wave helghts for overall data
and monsoon data for grid no. 9 and grid no. Vil

Brid no. 9 __ __Erid no. VIL
overall monsoon overall monsoon
dats data data data
Decennial
wave (m) 10.64 12.84 6.14 7.97
Centennial
wave (m) 17.26 19.88 8.23 10.13
Table - 2

Averaged computed (C) and predicted (P) ratlos of
standard wave helght parameters

Ratio grid no. 9 grid no. Vil

C P C- P
Hmaxmlﬂ
Mean 2.40 - 1.38 -
S.D. 0.52 - 0.14 -
l-lI nf'!)
Mean 2.37 3.53 3.52 7.14
S.D. 0,27 0.58 0.44 1.68
Mmm":D
Mean 5.56 - 4.82 -
S.D. 0.68 - 0.51 -
Wm
Mean 1.33 1.44 2.42 2.38
S.D. 0.22 0.18 0.41 0.42
Hi0/®
Mean 3.41 7.02 4.28 17.56
s.D. 0.19 1.67 0.45 4.87
HinoMs
Mean 1.45 1.97 1.23 2.42
S.D. 0.12 0.14 0.06 0.23
Hl BIH
Mean 1.81 2.58 1.47 2.96
S.D. 0.11 0.54 0.10 0.25
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Fig. 1. Map showing grid no. 9 of N.P.O.L. atlas

Fig. 2.
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and

grid no. VIl of N.LO. atlas used In present study.

WEIBULL DISTRIBUTION
GUMBEL DISTRBUTION
EXPONENTIAL DISTRUTION
LOGNORMAL  DISTRIBUTION
RAYLEIGH DISTRIBUTION

JAHUA Y

GRID HO.3 (MROL

A typical example of observed (Histograms) and
theoretical wave height distributions.
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LONG-TERM WAVE CHARACTERISTICS OFF
TRIVANDRUM
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ABSTRACT

The available atlases of averaged visual wave statistics of the Arabian Sea provide
wave information which differ from one another. A comparative study of the long-term
distributions of significant wave height obtained from these atlases is made for an area
off Trivandrum. The long-term distributions of significant wave height are tested with
Weibull, Gumbel, Rayleigh, Exponential and Log-normal models. The best it is obtained
for Weibull probability density function. Over estimates of peak percentage frequency
of occurrence of wave heights amount to less than 11% and under estimates less than
13%. The return period of the maximum significant wave height (75 m) obtained from
N.P.O.L. atlas is 2.27 years and that from N.LO. atlas (5.0 m} is 1.71 years. Average
maximum significant wave heights to occur in a 5 year period are computed using
Weibull model for combined sea and swell statistics separately. Nearly 95 % waves lic in
the height range 0 - 3.25 m. The most frequently occurring wave heights for overall and
monsoon data are 0.75 and 1.00 m (grid 17), 1.33 and 1.75 m (grid ) respectively.

Key-words : Wave statistics, long-term wave data, wave climatology.

INTRODUCTION

Wind waves provide the major dynamic forces causing changes in physiog-
raphy of the nearshore regions. Increased marine activities like offshore mineral
and oil exploration, utilisation of wave energy, construction of marine structures
and harbours, shipping and naval activities require accurate information on wave
climatology. Visual observations of wave heights form a good source of statistical
information available for the prediction of extreme wave conditions.

Ship based visual observations reported by the India Meteorological Depart-
ment in the Daily Weather Reports for 0830 and 1730 IST were used in the wave
atlases prepared by the Naval Physical and Oceanographic Laboratory (N.P.O.L.)
using data for the periods 1960-1969 (Anonymous, 1978) and by the National
Institute of Oceanography (N.I1.O.) for the period 1968-1973 (Anonymous, 1982).
The N.P.O.L. wave atlas includes both sea and swell statistics while the N.1.O. atlas
provides swell information only. The wave parameters provided in these atlases
are height, period and direction. Long-term distributions of wave height and

* Department of Mathematics and Statistics, Cochin University of Science and Technology,
Cochin - 682 022.
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direction, obtained from grid 17 (5°-9°N, 73°-77°E) of the N.P.O.L. atlas and grid 1
(5°-10°N, 75°- 80°E) of the N.1.O. atlas were compared by Muraleedharan, Nair and
Kurup (1990) . The present paper tries to study the monthly variations of long-term
wave height (Hs) distributions and the return periods of the maximum significant
wave height off the Trivandrum coast.

MATERIAL AND METHODS

Long-term wave statistics obtained from grid 17 (N.P.O.L) and grid I (N.1.O)
enclosing the area off the Trivandrum coast are considered in this work (Fig.1). The
monthly observed long-term wave height (Hs) distributions are examined and
compared with the available theoretical models. Weibull, Gumbel, log-normal and
exponential distributions are generally used for this purpose. Rayleigh distribution
has also been suggested as a useful model for long-term distributions (Dattatri,
Raman and Jothi Sankar, 1979; Baba, 1985) . In this paper emphasis is placed on
fitting the Weibull curve for all data, the motivation being that wherever the data
follow exponential or Rayleigh exactly, the Weibull also does so and moreover fits

15 .
) MANGALORE
N GRID NO.17
GRID NO. T
10}
5. L] n‘ ©
70 75 80

Fig. 1. Map showing grid 17 of N.P.O.L. atlas and grid 1 of
N.I.C?, atlas used in present study.

Table 1. Monthly percentage frequency of occurrence of waves in the height range 0-3.25 m
Sea/Swell Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Swell

Visual 97.5 100.0 100.0 100.0 955 885 935 935 985 100.0 100.0 965
Weibull 955 100.0 100.0 100.0 975 860 97.0 96.0 99.5 100.0 100.0 985
Sea & Swell

Visual 98.0 98.0 100.0 99.0 975 985 985 960 96.0 985 985 995
Weibull 985 99.0 100.0 100.0 99.0 990 990 950 96.0 99.0 99.0 995
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reasonably well for observations that follow other positively skewed distributions
such as gamma, log-normal, extreme value etc.

In the present investigation, the long-term distributions of wave height (Hs)
obtained from grid 17 (N.P.O.L.) and grid 1 (N..O.) are tested with Weibull,
Gumbel, log-normal, exponential and Rayleigh models . The method of maximum
likelihood has been used in estimating the parameters and the goodness of fit is
ascertained using X2-test at 0.05 level of significance. A comparative study of the
observed percentage frequency of occurrence of wave heights with the theoretical
curves is made (Fig. 2). Monthly percentage frequency of occurrence of waves in
the height range 0-3.25 m is estimated for the visual and theoretical (Weibull) curves
for the above grids (Table I).

In view of the fact that of all the models, the Weibull distribution provided the
closest fit for Hs in majority of cases in both deep and shallow water conditions,
there is a strong case for using it as the basic model for wave heights (Hs). With this
point of view, several wave parameters of interest are derived using this particular
model. Accordingly, the chances of average maximum significant wave heights to
occur in a period of 5 years are computed for both the grids with respect to annual
and monsoon seasonal data using the relation,

Hs (max) = oflogt /") 1/*
where {=5 years, n=1 month and 6 and A, parameters of the Weibull distribution
specified by the density function,

f (h; 6, M)=(A/0) (h/0)* expl-(h/0)*], h>0

Apart from likely maximum heights, represented by Hs (max) it is of interest
to calculate the probabilities of such wave heights to re-occur in designated periods
of time. This is provided by the formula

g=m xe ™ [Hs(max)/o}*
where m is the periods of time proposed for a re-occurrence. The derivation of the
expressions is given in the appendix.

RESULTS AND DISCUSSION

In respect of the swell statistics (Anonymous, 1982), the Weibull model fits in
50% of the cases followed by Gumbel in 41.5% and Rayleigh in 8.5% of the cases.
On the other hand, for the N.P.O.L data (Anonymous, 1978), adequate fit could be
realised only in 58.5% of the total cases. Of these, 25% each accounts for the Weibull
and Gumbel models and 8.5% for the Rayleigh. Even in data where the Weibull fit
was rejected, it was due to the presence of one or two abnormal observations, rather
than the incomparability of the model with the whole data set. Such discordant
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values may be the result of bias in visual observations. The overall analysis suggests
that the Weibull distribution offers a uniformly good fit.

A comparison of the visual wave height distributions with the theoretical
distributions as shown in Fig. 2a-f indicates that the Weibull model effectively
explains the different sea states. For both the sea and swell dominated conditions,
Weibull conforms to the wave patterns observed in February, April, June, July,
September and November and of swell prevailed sea conditions, in January, March
to August, October and November. At the same time, the Gumbel distribution
provides a better explanation than the other curves for the rest of the monthly wave
height informations in both cases.

From Fig. 2, it is seen that Weibull overestimates and underestimates the peak
percentage frequencies (difference in observed and theoretical peak percentage
frequencies) of wave heights to a maximum of 10.5% and 12.5% respectively. The
respective figures values for Gumbel and Rayleigh are 20.5% and 10.0%, 8.0% and
14.0%. While the Gumbel distribution estimates the peak frequency with a higher
kurtosis, Rayleigh curves underestimate the peak frequencies.

It could be observed that the distribution of the reported percentage frequency
of occurrence of wave heights show a broad band of wave heights for swell
dominated conditions than that for sea and swell combined sea state. A change to
broad band is observed during southwest monsoon season. (grid 17, Fig. 2). The
Weibull model explains the varying wave patterns (N.P.O.L., N.1.O. atlases). The
values obtained from this model for the monthly percentage frequency of occur-
rence of wave heights less than 3.25 m are in accordance with that obtained from
the atlases (Table I). Nearly 95% of waves have heights less than 3.25 m for both
combined swell and sea, and swell data.

The maximum wave height reported for the sea and swell combined conditions
as given in N.P.O.L. data is 7.5 m and the return period is found to be 2.27 years .
For the swell dominated sea state as presented in N.1.O. atlas, a maximum wave
height of 5.0 m is observed and its re-occurrence is given as 1.71 years. The
probability of a 7.5 m wave (N.P.O.L.) to occur within one year is 44% and a wave
of height 5 m (N.1.O.) will return within a year with 59% probability. The averaged
maximum significant wave heights to occur in a period of 5 years calculated from
Weibull model for sea and swell (N.P.O.L.) statistics (grid 17) for annual and
monsoon seasonal data (June-September) are 9.60 m and 9.63 m respectively. The
respective values are 6.19 m and 6.00 m for swell information (N.1.O.) (grid I).
Grouping of data into annual or monsoonal does not show significant variation in
these results. Dattatri (1981) arrived at similar results using recorded wave data
off Mangalore harbour. The most frequently occurring wave heights for the annual
and monsoon data are obtained as 0.75 m and 1.00 m respectively from the
combined sea and swell statistics. For the swell statistics they are 1.33 m and 1.75
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m respectively. Wave power off Trivandrum estimated using recorded data
(Thomas, Baba and Ramesh Kumar, 1986) showed better agreement with that
derived from swell data than from the combined sea and swell data
(Muraleedharan, Nair and Kurup, 1990). Visually observed wave information can
thus be effectively used in wave climatological studies provided that the wave
parameters are statistically treated and theoretically obtained wave statistics are
checked with those obtained from recorded wave information.
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APPENDIX

Analysis of return periods:

The largest significant wave height (Hs)L that appears in a period of time will
follow the distribution specified by

Gih) = expunioie? [1- 2xp 1;:)"\]

The probability that a specified value (Hs)max is exceeded is therefore

~Ci-2xp(- Hgle
Pl(Hs)L >(Hs)max]=1—C[(Hs)max]—§EﬁP=nﬁﬂa)ﬂ:l/:ﬂ)l]

In a series of observations the probability that the nth observation is the first
value that exceed (Hs)max satisfies the geometric law,

(1-G)"'xG, n=123u ..

The mean of this dlstnbunon is 2 ny”
= Vi-6)= {\—[l-np-x ) ] }
m=1s= <

Thus on the average the number of observations included between two ad-

jacent values that exceed (Hs)max is ,(-G.) { D_ll‘)_w’/r)’)]h}‘l
t [(Hs)max, A, 0] = (S

This function ¢ can be interpreted as a period representing a re-occurrence of
the maximum wave height (Hs) max . This is the fundamental relation connecting
a prescribed maximum wave height (Hs)max and its return period.

Given a period of time ¢, then the probability of realising a height larger than
(Hs)max in the first m consecutive years is given by

m
g=1-(1-G) = - (1-yy"

Note thatt increases if (Hs)max increases. Hence when wave heights anticipated
are larger and larger, the return periods also become larger, i.e., unusually large
wave heights are realised only over longer periods of time. Since t is larger than 1,
binomial expansion is valid and as a first approximation,

q=1-(1-m/t)
g = meseenpnttHomen] = . pxP[_h (19 max

——————

—



Long-term wave statistics off Goa
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Long-term wave statistics from grid 9 (NPOL Atlas)
and grid XI11 (N1O Atlas) ofT Goa were examined and
compared with recorded wave information. Wave
directions and average monthly frequency of waves in
the period § to 8 sec (zero-crossing period) from grid
X111 were comparable.with recorded information at
Goa. The theoretical and calkulated valuves of sig-
nificant wave heights were in agreement for grid 9.
The wave power averaged from swell statistics (grid
XIII) was found to be much higher than that averaged
from sea and swell statistics (grid 9).

A knowledge of wave chimate is important from the
strategic. economic and commercial points of view. Diffe-
rent workers' < have pointed out that visual obsenanons
suggest o reasonable representation for wine chmatologs-
cal studies. Here an attempt was made 1o study the wave
climatology for an arca off Goa by utilizing the available
wave atlases and recorded informanion.

Visual wanve parameters obtained from gnd 9 (13-
17°N. 73 -74.7°E) (NPOL Atlas. 197%) and gnd XHI
137220 N0 707747 Ey (NTO Atlas, 1982) were utilized in
the nresent work ** (Figure 1) These gnids overlap over
an area oft Gou. Wane direction. wave power and per-
centage frequency of occurrence of wanes i the period
range 5 10 K osec zero-cronsngs penods trom these gnds
were examined in the hebr ot recorded mtormaton ot
Goa . Zero-crossing penod s the inerage ot zere up
crosaing period (the ume ditterence between two con
secutive points at which the wanve crosses the mean sea
level in the upward directions and zero down-crossung
period tthe ume ditterence between o consecutive
points at which the wave crosses the mean sea level e
the downward direction). Wave power was calculated
uning the relation

P = 055 HET,. o

where P iy the power available on a random sea”. H_ the
significant wave height and 7 the zero-crossing penod.
computed from the relation”

Tg = 1.3T,- 25. 2

where Tg s the significant wave penod. The wave heighis
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Figure 1. Onentaion map showing area of sudy.

and wave periods published in the atlases may be con-
sidered as H_and T_ respectively. In two recent anicles "%,
it has been confirmed by empirical evidence that the
long-term frequency of wave heights follows a Weibull
distribution function

Fiv = 1 - exp(-H/o)" 3)

where O is the scale parameter and A the shape parameter
of the model. Accordingly. with the Weibull distribution
tor wave heights. the significant wave height (H) and
one-tenth the highest wave height (H, ) were computed
trom the model and compared with values obtained from

— Compued (H,) A,

id XIll (NIO

L ol M, il Gnid Xl (NIO)
. e Computed (o)
T Theoescal (Hyyp)/

Figure 2 Munthly vanatwom of computed and theoreixal values of H.b
and th wave heights 1m)

794

Table 1. Companson of menthly predominant wave direction off Goa

Gnd 9 Gnd X111 Recorded
Month  «NPOL Atlav)  INIO Atla). _ _information
Januan N W and M) W)
(N and NNE)
Februan I INNW) IMINNW S ONW)
March N I NNW) S INW)
Apnl W0 (WNW) W0 (WNW) AUSINW)
May W0 WNWY 270 (W) JISONW)
June 27000W 240 and 270 270¢W)
\ WSW and W)
July 2400 WSW) 24 (WSW) 2700W)
Augusl 700N 230 (WSW 2700w
September TN 240 and 270 S INW)
(WSW and W
(% toher IUNNW 240, 2700 and 30 270N
(WSW. Wand NNW)
N ember 80N 36 (N) 23W)
December N W INNE) 9 Ey

Table 2. Companison of the average monthly percentage trequeny of
wares in the period range S-8 woeonds.

Averaged ‘& of occurmence of waves

Daa Nov-May June-Out
Sea and Swell Atlas 770 750
Swell Atlas k6.0 L
Revorded 9.0 -

reported wave information (Figure 2).

The monthly wave directions published in the NPOL
Atlas (grid 9) and NIO Atlas (grid XIII). and the direc-
tions obtained from recorded information" off Goa are
given in Table 1. The directions of wave approach from
both the atlases and the recorded information are in
agreement during different seasons.

A comparison of the average monthly percentage fre-
quency of waves in the range 5 to 8 sec (zero-crossing
period) is given in Table 2. The values obtained from
grid XIII are found to be closerto the recorded informa-
tion *.

The monthly distribution of the computed and predicted
values of H,, and H,,, are given in Figure 2. The wave
heights obtained from sea and swell statistics (grnid 9)
provlde much lower values compared to those obtained
trom swell statistics alone (gnd XIII). It is interesting to
note that the theoretical wave heights were always greater
than the computed values. The theoretical values deviate
much from the computed values during the southwest
monsoon. This deviation is greater for H, , than for H, ..

Figure 3 gives the distribution of monthly average
wave power for two gnids. The sea and swell statistics
(grid 9) give an annual variation of wave power ranging
from a minimum of 1.41 kW m ' in December t0 a max-
imum of 14.55 kW m ' in July. The s%ell statistics (gnd
XI1ii) give a vanation ranging from a minimum of 3.15
kW m ' in March to 2 maximum of 4698 kW m ' in
July. Table 3 gives a comparison of average wave power
for annual, fair-weather (November to, April) and rough-
weather (May to October) seasons. The swell statistics
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WO
Grid 9 (NPOL)
30}

200

101

Grd Xl (NIO)
S0l

Wave power (kWm-')
5

ol _r I

J F M A M

]

J J AS 0 ND
Months

Figure 3. Distribution of monthly average wave power.

Table 3. Comparison of wave power for annual. fair-w cather and rough-
weather seasons

Wave power AW m'!)

Data Annua! Fair-weathr Rough-weather
Sea and swell 1.6 22 1.1
Swell 131 4.6 216

provide much higher values of wave power than the com-
bined sea and swell statistics. The low values obtained
from sea and swell statistics mayv be attributed te the fact
that rough sea~ are avoided by ships and the information
i< theretore absent in the data.
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