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ABSTRACT

A gummary is given of the trade routes of U.S5. ships, followed by suggestions
for new projects and extension and improvement of current projects to meet the
need for additional data on sea conditions encountered by U.S., ships. It is
concluded that the greatest benefit can be obtained by making a direct effort
to obtain wave spectra for the ocean areas on important gea routes that are known
to experience severe sea conditions, probably by the use of moored buoys, and
by further verification and improvement of wave hindcast techniques for eventual

application to obtaining wave spectra for design. At the same time, steps should
l\o "n'if'igi'nﬂ fhnf mn}r 11:9(7 to f}\a a\'r-_-n-l'lnh-i'l-fl-w At wave d in tha futurao grnh

ailability of ta in the future, such as
seeking oil company data,

Tt is felt that attention should also be given to the further analysis of
available data, and of new data produced by buoy deployment and hindcast procedures,
including the measurement of directional spectra and their application to design,
Hindcast techniques should be extended to the southern hemisphere, and new
techniques for wave data collection -- disposable buoys and satellite systems --
should continue to be developed.

A survey evaluation is given of observed and measured wave data covering
major U,S. routes, with appendices, tabulations and maps. The introduction
of theoretical formulations leads to the discussion and evaluation of wave spectral
hindcasting techniques. The methods used to predict ship motions and loads are
explained followed by a section discussing the wave data format required for
predicting short and long-term loads and motions as well as numerical examples

showing the effect on and sensitivity of predictions to variatiom in wave data
fomt-

Based on the preceding discussion, presently available data suggested for
use in determining ship loads are given., The use of a combination of statistics
based on observations on the frequency of occurrence of various wave heights
and a spectral family of measured spectra grouped by wave height is recommended.
Finally, a survey of current and planned data collection projects is given.
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I. INTRODUCTION

Background

The dynamics of ships or other types of marine structures is determined
to a large extent by their responmses to the environment in which they operate,
Wind, waves, current and ice are the four environmental factors which individually
and interactively contribute to the forces imposed on the system and hence to
the resulting responses. The definition of the excitation function is therefore
of critical importance and a prerequisite for a prediction of the behavior
of a ship in a realistic environment. Each of the above four categories is
of a complex nature and involves several physical phenomena. The waves,
however, are the major influence on the behavior of marine vehicles.

Ever since the probabilistic approach was developed by St. Denis
and Pierson (1953),* the complex problem of ship behavior in waves has been
conveniently separated into two components, i.e., the waves and the transfer
function. While the latter has received rather extensive treatment over the
past 20 years, the wave description has been left to the oceanographers studying
basic prinicples -such as generation of waves, the energy balance in the waves,
growth of waves with wind, etc., Understanding the mechanism of wave generation
has led oceanographers to formulate the shape of idealized wave spectra, par-
ticularly the spectra of fully-developed storm seas, although the shapes of
developing and decaying spectra have also been studied. They have also reported
spectra obtained from actual measurements at various ocean locations, but have
not given much attention to the variations in shape that these spectra show,
Thus cross seas, as created by local wind sea superimposed on swell or several
swells, are not adequately represented by the ideal formulations; yet these
conditions are very common,

Actual wave records and, particularly, wave spectra are avallable only
for limited ocean areas, and the present design practice in most cases is to
apply the above ideal mathematical formulations as defined by the observed
significant wave height and period. This procedure requires cautious evaluation,
as discussed in this report.

The state of the art of wave load prediction has thus reached a stage
in which the continuous refinement and exact mathematical solution of transfer
functions cannot be satisfactorily applied to ship design without at least an
equivalent refinement in the wave description. The time has come when designer
should actively seek the wave data needed, rather than to wait for the ocean-
ographer to supply them, Hence, a major objective of this report is to make

recommendations regarding further research to obtain the needed wave information.

Wave Data Requirements

The definition of the type of wave data desired by the ship designer is

*
See references listed at the end of this report.




unfortunately often determined by the designer's knowledge of available data.
It is therefore important to define present needs as well as idealized require-
ments assuming unlimited wave data availability. Only such an approach can
lead to effective pursuance of future wave data collection and the correct
application of such data in the statistical prediction of ship loadings in

the environment,

The method formulated by St. Denis and Pierson (1953) to obtain the response
of a ship or other system to waves utilizes the wave spectrum, which can be
expressed mathematically by analysis of a measured wave record of 20 - 30
minutes length or by estimate from the average characteristice of the seaway.
From the spectrum of the waves and the characteristic ship response to different
frequencies (transfer function or response amplitude operator) the response
spectrum can be obtained, and hence the statistical properties of the ship
response can be determined. For design purposes the response of the system
to all possible sea conditions is of prime importance, and hence extensive
wave data in spectral form are felt to be essential.

Ideally, these wave spectra should be directional, i.e., should define the
wave components by direction as well as by frequency., They should describe
both growing and decaying storm seas, as well as fully-developed seas. They
should describe combinations of storm seas and gwells that are typical of

winter weather conditions in northern and southern latitudes, as well as slow-
moving circular storms of the tropics.

However, in view of the extreme cost and time associated with an extensive
data gathering plan, a more exact assessment is required today with regard to
the influence of variations in wave spectra on response. As mentioned previously,
different wave data can affect the prediction of the design loads and hence
the structural design, Such influence can only be determined in terms of the
final product, i.e., the loads predicted on the ship. It has already been
shown (Hoffman, 1973, 1974, 1975) that such effects will vary from one size to
another and most likely will be a function of the type of response in question,
such as bending moment or acceleration. Hence, further study is needed of the
degree of detail needed in wave spectral data.

In contrast to the ultimate need of the designer for optimum wave data
formatting, an important interim stage considers the best application of
presently available data. Acquisition of reliable wave data is a lengthy process
and an interim solution is needed for the immediate years.

Thus, a survey and assessment of available ocean wave data and of its

suitability for design use is first required, Then a plan must be developed
for gbtaining needed additional ﬂ:l‘l'a in suitable format -

-]
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Trade Routes of U.S. Ships

An important question that arises in surveying available and needed ocean
wave data is what ocean areas are of greatest interest. A study has been made
to establish the most important world trade routes, with particular attention



to those served by U.S. ships. The routes of greatest volume of cargo and
number of ships are those from the U,S, East (and Gulf) coasts to Europe.

There are three branches, one north of the British Isles to Scandinavia, one

to northern Europe via the English Channel and the third to the Mediterranean,
but all are vitally affected by weather and sea conditions in the North Atlantic
Ocean.

Another jmportant group of trade routes is between U.S. East and Gulf
coasts and the Caribbean and South America. These lend importance to sea
conditions in the vicinity of Cape Hatteras and to the conditions prevailing
during hurricanes in the Gulf of Mexico and North Atlantic.

Also of importance are routes in the Pacific Ocean, which however are
widely scattered -- covering U.S. ports on West, East and Gulf coasts (Panama
Canal) and connecting with Japan, the Asian continent, Indonesia, Australia,
New Zealand, etc. From the viewpoint of the effect of sea conditions on ship
operation, however, the ocean area of greatest potential interest is the North
Pacific. Increased trade between West coast ports and Alaska has resulted in
growing interest in sea conditions in the Gulf of Alaska.

Although relatively few U.S, flag ships transit the Indian Ocean, the eastern
part of the area i1s of interest during the monsoon season. The South Atlantic
and South Pacific oceans, as a whole, are also of secondary interest.

Finally, consideration should be given to bulk petroleum movements to
0.8, ports, which are carried on :shins of which few are U.5. flag but many
of U.S. ownership. The predominant route is from the Persian Gulf and Cape
of Good Hope to Caribbean and U.S. Gulf ports. Sea conditions in the vicinity
of the Cape are of particular concern, as discussed in detail later in this
report. The opening of the Suez Canal can be expected to divert some of this
traffic through the Mediterranean, but there can be no doubt that sea conditions
around the Cape of Good Hope will continue to be of great importance.

Scope of Project

X e of work for tha proiect reported here was astated as follows
in the contract schedule: '"Conduct a survey and assessment of the type and

scope of wave loading data presently available, and that which is needed, and
establish a research plan to acquire a sufficient quantity of the needed wave

data in a form which can be used in hull structural design."

This report describes the work done and presents the results of the study
carried out in accordance with the above, For convenience the proposed plan
for further research on ocean wave data, developed in the course of the project,
is presented in the following Chapter II. A survey is then presented of various
types of ocean wave data, and their reliability (Chapters III, IV, V, VI),

|4 Lo -y

4

Next the use of such wave data for the determination of hull loads is discussed,
and the effect of variations in the wave data format 1s considered (Chapters
VII and VIII), Finally, recommendations are made regarding the best available
data and current data collection projects are surveyed. (Chapter IX).



I1XI. A RESEARCH PLAN
General

One of the principal objectives of this project was to develop a research
plan for the acquisition of required additional ocean wave data, and their trans~-
lation into a form useable by hull structural designers. On the basis of the
survey given in the following chapters, recommendations for short and long-range
research are given here. In addition to the proposed research projects them-
selves, however, consideration should be given to setting up a central management
or coordinating project to oversee the acquisition of data for use by naval
architects. One object would be to keep all interested parties informed as to
what projects are being undertaken and who is sponsoring them.

Some of the projects listed below could produce immediately useful data if
undertaken promptly, while others would not be productive for some time. A
discussion of recommended priorities is given at the end of the chapter.

Hindcast Techniques

1. Evaluation and refinement of existing wave hindcast programs. The
only suitable procedure in active operation is that of the Navy Fleet Numerical
Weather Central (FNWC) in Monterey. A continuing, routine checking and verification
process should be carried out, comparing hindcast spectra with those calculated
from wave measurements at data buoys or weather ships. As improvements in the
hindcast procedures are made, they should be evaluated by this continuous
routine checking., It is understood that such checking is now being done by
FNWC to some degree.

From the long-ranee vi oint, attention should he directed to private
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forecasting and hindcasting procedures (such as that of Ocean Routes, Inc.,
Palo Alto, California) which are being developed to serve oil well drilling
activities but could perhaps be extended to serve shipping lines,

"

2, Development of a comprehensive hindcast data base. After the validity )
of the FNWC hindcast system has been establisghed, the data base can be developed by
statistical analysis of daily spectra for at least a year at selected locations
over the entire North Atlantic and North Pacific Oceans, and in the Mediterramean
Sea. Such a data base has been referred to as a "wave spectra climatology.”" See

NAVSEA (1975).

It should be noted that funds have already been allocated to FNWC for
hindcasting directional spectra back to 1955, using the latest refinements in
the hindcast model. Since this 1s a project of considerable magnitude, considerable
effort should be devoted to improving and refining the prediction model (item 1)
in parallel with this large-scale hindcasting effort.

3. Extension of the hindcast system to cover the South Atlantic Qcean and
the Western Indian Ocean, including the ocean area in the vicinity of the Cape
of Good Hope. After such a system becomes operational, it should be verified,
analyzed and applied as in 1) and 2) above.



This project may require direct support from shipping and ship design
interests, since the Navy has not given it high priority. Since a long time is
required for this work, no short-term results can be expected.

Development and Use of Wave Buoys

4, Deployment of buoys. A number of buoys should be set out, with
telemetered wave records regularly tramsmitted to shore and spectrally analyzed.
See Steele (1974) for a description of the National Oceanic and Atmospheric
Administration (NOAA) Data Buoy Office (NDBO) system. The buoys would be

______ s particularly at locations where inadequate
wave data are available. Resulting spectra would be used directly to increase
the bank of data for designers' use., See Appendix E.

Conaideration should be given to incorporating slope, as well as vertical
acceleration measurements. Such slope measurements, while not sufficient to
define the directional spectra completely, can give some directiomal information.
Cartwright (1961) discusses the limits of such slope measurements.

Tentative buoy locations:

{a) North Atlantlc (Grand Banks, Faraday Sea Mount)
{b) Near entrance to English Channel

(¢} North Pacific (South of Aleutians)

(d) Off South Africa.

Consideration should also be given to the possible future use cof smaller
moored buyoys intermediate in size between the NOAA and the WAVERIDER (Dutch)
buoys. However, the problem of collecting and processing the data -- which
has been solved by NOAA on an almost worldwide basis -~ must be dealt with before
making practical use of such buoys. Hence, no immediately useful results can
be expected.

5. Analysis of buoy data., Statistical analysis of wave spectra should be
carried out in a manner similar to that described in the survey portion of
this report, i.e., stratified by wave height and analyzed to obtain mean values
and standard deviations of spectral ordinates, Spectra should be used directly
as a basis for checking and evaluating the regular hindcast procedures discussed
under items 1 and 3,

It is recognized that although this approach may be the most practical and
useful for immediate problems in ship hull design, different types of analysis
in order to improve the underlying theory of wave generation, propagation and
decay should also be carried out for long-range usefulness.

Data from Fixed Platforms

6. 01l company data, Companies engaged in off-ghore drilling operations
in various parts of the world have been vigorously collecting proprietary wave
data in various formats, Efforts should be made to devise a procedure for making
data for areas of interest to ship operation available generally. This should be
more readily accomplished when a government is involved in the data collection (as
in the case of the British Govermment in the areas around the British Isles).



Measurement of Directional Spectra

7. Development of techniques. Further development of methods of obtaining
accurate directional spectra -- such as stereo photographic techniques -- should
be pursued, since other methods (including wave buoys, item 4) are not completely

R R [N U R P, T 2] dn ol e on B
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basis for verifying hindcast directional spectra,

A more long-range approach is the use of airbornme synthetic aperture
radars (SAR), which still requires further theoretical development. This approach
can potentially provide dire¢tional spectra with a very large number of degrees
of freedom per frequency band.

8. Application of directional spectra. As more data in the form of
directional spectra become available, both from measurement and hindcasting,
research is needed on how to describe them in a generaliged format for design
use, After grouping the spectra by wave height, as has been done with point
spectra, it is necessary tc describe the variability of wave energy with
direction as well as with frequency.

Improvement in Shipboard Data

9, Analysis of weather ship data. All wave data currently being collected
by the various weather ships should be regularly analyzed on & continuing

basis, in a manner similar to the data from Stations I, K and P, in para}." el with
wave buoy and FNWC hindcasting data collection and analysis. '

10. Analysis of observational wave height information. Data accumulated
from ships should be analyzed for several major routes across the Atlantic
and the Pacific based on the 6~hourly reports obtained by NOAA, as a means of
up-dating and improving available studies. At least 2 - 3 years of past data
should be included and the work should continue on a routine basis (as is now
being done for coastal wave data).

Up-dating and extension of wave atlas publication should be encouraged, as
for example the extension of Hogben and Lumb (1967) to the North Pacific.

11, Development of disposable buoy. Effort should be continued toward the
development of a small buoy which can be “shot" off the side of a ship, capable
of transmitting a signal for % hour when the ship i1s moving at 20 - 30 knots., Its
accuracy need not be greater than that of existing small buoys. Although
such a device might have its primary application to improving the quality of
operational wave data, it would also provide data of value in ship design.

Satellite Systems

12, Continued development of satellite wave measurement. The enormoua
potential of satellite wave measuring systems dictates the continuation of efforts
to develop a workable system for measuring wave spectra from spacecraft, since
current efforts are only partially successful. See Plerson (1976).



Priorities

The above plan covers a large number of areas for further work, with
varying time frames and cost factors. The following paragraphs attempt to
aasign priorities to the various areas of effort on the basis of obtaining the
nost ugeful information at the least cost in the least time,

It is believed that the first priority should be given to a direct effort
to obtain wave spectra for the ocean areas on important sea routes that are
known to experience severe sea conditions. The most immediately available
methed is the use of moored buoys, as cutlined in item 4,

Of almost equal importance is believed to the further verification and
improvement of wave hindcast techniques, item ], in order to prepare the way for
eventual application of this approach to obtaining wave spectra for design,

At the same time, steps should be initiated that may lead to the availability
of wave data in the future, as seeking oil company data, item 6.

1 nwd #u
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Second pr shou e given to further analysis of available data,
items 9 and 10, and of new data produced by buoy deployment and hindcast procedures,
items 2 and 5.

Attention should also be given to the measurement of directional spectra
and their application to design, items 7 and 8.

Third priority should be given to the extension of hindcast techmiques
to the southern hemisphere, item 3, and to the development of new techniques
for wave data collection, disposable buoys and satellite systems, items 1l and 12,

Iricluded in this category should also be certain 1ong-term aspects of the
various research items, such as:

= New hindcast procedures (item 1)
= Development and use of small wave buoys (item 4)
= Development of airborne synthetic aperture radar (item 7).




ITI. OBSERVED WAVE DATA

Shipboard Operations

Continuous information has been gathered on observed wave heights and direc-
tions for approximately the last 100 years, and on wave periods for the last 25.
This information comes from weather ships, voluntary observing ships and on a more
limited basis from research ships, light vessels, fishery protection vessels, etc.
Since the largest number of the observations comes from voluntary observing ships
such as merchant ships, there is extensive coverage of shipping routes.

Wave observation statistics are a collection of subjective judgments made by
many different observers. The accuracy of the observations of course varies greatly
from observer to observer. The reporting code used from 1949 to 1968 had disconti-
nuities at 5 meters and 10 meters, e.g., 8 = 4m., 9 = 4.5m., 10 = 5.0m., and a simi-
lar change at 10 m. This led to bias in favor of 4.5 m. and 9.5m. There is also a
preference for whole meter wave heights in the higher ranges. The newer code re-
duces these biases.

Three other factors also tend to bilas observa*ional data:

1. Fair weather bias occurs because ships in passage tend to avoid bad
weather, resulting in lower average winds.

2, Observers frequently fail to code wave observations if wave conditions
are calm; this reduces the percentage of reported fair weather condi-
tions.

3. Observers tend to underestimate following seas and overestimate head
seas because of the difference in ship behavior.

Since it is impossible to quantify these factors, there is no way to correct system-
atically for the biases they induce.

Verploegh {(1961) estimates the standard error based on comparison between ships

as follows:

Wave direction 10°-13°

Wave period 1.8 seconds

Wave height 0.3 m. at 1.5 m.. (1 £ft. at 5 ft.)
1.0 m. at 6 m. (3 ft. at 20 ft.)

In most cases, observations have been found to yield an adequate approximation
in the range of practical interest, 5 to 30 feet {2 to 10 meters), which represents
over 957 of the expected frequency of occurrence. For values above 30 feet (10 me-
ters) or below 5 feet (2 meters) the observers' ability to estimate adequately is

doubtful, in the former case due to the conditions on board ship and in the latter
case due to cross seas, swell, etc.



In view of the large amount of observed data available and the uncertainty of
its rellability, it is not surprising that a number of comparisons have been made
between visual and measured wave estimates. Fig. 1 from Hoffman (1974) shows signif-
icant wave height versus observed wave height. It should be noted that all the ob-
servations included in Hoffman's data were made by trained observers on ocean weather
ships. Hoffman's data also include more cases of severe weather since weather ships
must remain on station and are not free to avoid storms. It may be seen that below
30 ft. observers tend to underestimate the wave heights. A reasonably good linear
fit over the entire range is shown to be,

H = 7.0+ 0.775 H_.
1/3 v

Table 1 from Hogben (1970) summarizes the results of several investigations of
correlations between observed and measured wave heights (maxima in individual re-
cords). The measurements were made with Tucker wave recorders, with appropriate
frequency dependent corrections included. The observations were made by officers
aboard merchant ships, rather than by professional weather ship observers. The ta-
ble gives the coefficlents A and B which gave the best linear fit to the data points,
when plotted in a manner similar to Fig. 1, and the coefficient C which gave the
best fit for a line passing through the origin.

Also shown in Table 1 are the standard deviation, o, of the data points about
the lines and the correlation coefficient, p. The latter is defined as follows:

H ®H _ H H
v m e« Vv

H
m v

where the lines over letters indicate averages.

It may be seen that the first three sets of data show very similar straight line
fits. Where correlation coefficients are available, they show good agreement between
observations and measurement.

The material factors used to relate observations to measurements can only
expected to yield good results when applied to data of the same nature as that from
which they were derived. This presents a difficulty in that whenever comparisons are
made between observed and measured values the observer on board a weather ship is a
trained observer, whereas the largest number of observers are not. It is likely,
however, that various types of observers will agree most closely in the range of 5 to
30 feet (2 to 10 meters), as previously noted.

The ability to estimate the significant wave height by means of observed wave
height is extremely important because of the large amount of available observational
data. It is apparent that the several different realtionships in Table 1 show very
slight differences.

In the case of wave direction it is difficult to compare observation with meas-~
urement, since wave direction is not routinely measured. (The measurement of direc-
tional spectra, being a special problem, is discussed later). Direction is, however,
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Figure 1, Significant and Observed Wave Height Relationships.
Table 1
Correlation of Measured Maximum and Observed Wave Heights
for Individual Weather Ship Records
Reference A B(ft.) a{ft.) C ag(ft.) N p
Hogben & Lumb 1.41 6.72 4,59 1.89 5.41 905
(1964}
Hogben & Lumb 1.41 6.46 4.17 1.70 4,43 317 0.86
(1967)
Hogben (1970) 0.83 6.26 3.25 1.42 5.03 527 0.73
A, B, and C are coefficients found using linear regression.
H = AH +B (best straight line)
] v
Hm = C l-lV (best straight line through the origin)
where K is measured maximum, except in Hoghben (1970) where it is derived from
"y owl6n ..
m 1/3
Hv is observed wave height.
o standard deviation.
N  number of comparisons.
P correlation coefficient.
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the easiest observation t9 make visually. It is usually apparent when one is sight-
ing along a crest line 90 to the direction of the waves. This shows up in the smal-
ler percentage error in direction found in comparisons between ships. However, when
the sea is reported as a combination of sea and swell the direction definition be-
comes a problem.

In a similar way Table 2 shows the results of several comparisons between meas-
ured and observed wave periods. As can be seen by looking at the correlation factors
and standard deviations, the correlation between observed and measured perilods is
much less satisfactory than the correlation between observed and measured wave
heights.

The poor correlation of period estimates may be at least partly due to the fact
that period must be estimated by timing wave crests whereas heights can be directly
observed. The combination of sea and swell, the periodic motion of the ship, and the
random nature of the waves contribute to the difficulty in observing period. Hence,
all tabulations of period statistics must be viewed with extreme caution.

The National Climatic Center* can prepare Summaries of Synoptic Meteorological
Observations (SSMO) based on a world-wilde collecgionaof observations from 1964 to
present. SSMOs can be prepared for individual 1 x 1 squares or for any desired ma-
rine area so long as the boundaries are apecified. The approximate number of re-
corded observations within an area of interest can be furnished when desired. It can
then be decided if the area contains an adequate number of observations. Cost/time
egtimates can be obtained from NCC.

The Naval Weather Service Command in 1969 began funding a continuing program at
the National Climatic Center to publish complete SSMOs for selected ocean areas.
Copies of these publications are available. Each volume contains a complete set of
tables for two or more ocean areas. Information concerning the geographical bounda-
ries of areas for which summaries have been prepared and/or published is given in
Appendix B. They are at present limited to coastal areas and the Great Lakes.

Tables 18 and 19 in the $S5MOs are the only ones including information on waves.

(See example in Appendix C.) Other tables contain information on wind conditiomns,
etc. SSMOs include both monthly tabulations and annual summaries.

Collections of Observed Data

The World Meteorological Organization (WMO) has designated specific areas to
various national organizations who have collected the observed data on wave height,
period and direction and coded them onto punched cards. Fig. 2 shows the areas of
responsibility. Appendix A describes the extent and availability of these coded da-
ta. This coded information, along with monthly climatological summaries which in-
clude wind and wave information, is also available through the WMO. This type of in-
formation has been available for many years and considerable use of it has been made.

Of greater immediate usefulness are published compllations of wave data. The
following four figures show the results of several compilations of wave statistics.

®* NCC, Federal Building, Asheville, North Carolina, 28801 (704) 254-0961.
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Table II =~
Correlation of Measured and Observed Wave Period
Symbol for

Reference Meas. Per. A B(sec) g(sec) C o(sec) N p
Hogben & Lumb Tc 0.37 5.19 1.12 0.86 1.41 834 0.48

(1964)
Hogben & Lumb Tg 0.32 4.70 0.88 0.73 1.20 294 0.50

(1967) -

o 0.76 4.10 2.15 1.12 2.23 294 0.50

Hogben (1970) Tz —_— —_—— —— 1.37 2.71 467 0.04

In addition to the notation used in Table 1:

TC = crest-to-crest period from record.

T = Eg' where m, and m, are the zeroth and second moments of the spectra.
s m,

T, = modal period, peried corresponding to the peak of the spectrum

Tz = zero crossing period.

-12-
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The addresses of the nine

1. Germany, Federal Republic of 5.
Director
Deutscher Wetterdienst
Seewetteramt
Bernhard Nocht Strasse 76
2 Hamburg &

2. Hong Kong
Director
Royal Observatory
Nathan Road, Kowloon

3. India
Director General
Observatories
Lodi Road, New Delhi 3

4. Japan 8.
Director General
Japan Meteorological Agency
Ote-machi
Chiyoda-ku, Tokyo

responsible WMO Members:

Netherlands
Director-in-Chief
Koninklijk Nederlands
Meteorologisch Instituut
Utrechtseweg 297, De Bilt

South Africa
Director
Weather Bureau
Private Bag 97, Pretoria

USA

Director

National Climatic Center

Federal Building

Asheville, North Carolina 28801
UK

Director-General

Meteorological Office

Met 0 12, London Road

Bracknell, Berkshire RG 12 25Z
USSR

Institute of Aeroclimatology
Molodezhnaya 3
Moscow, B-296

Figure 2, Areas of Coverage of Responsible WMO Members.
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Appendix C contains sample tables from a number of these sources. The first source
listed (Fig. 3), the work by Hogben and Lumb, is the most comprehemsive. It include
coverage of most major shipping routes. When using Hogben and Lumb statistics, the
report by Hogben (1974) which contains corrections to the directional classes, shoul
be consulted. One of the great deficiencies with the Hogben and Lumb data is that
there 18 no coverage of Northern Pacific routes. Another shortcoming is that the
area blocks for which statistics are given (only 50 in all) are quite large.

It must be realized when using Hogben and Lumb data, or any other statistics -
based primarily on voluntary observing ships, that the data are representative only
of the conditions encountered by the ships. This means that on the average the data
represent less severe conditions than those actually existing since ships try to
avold regions of high waves. A comparison between weather ship and transient ship
records by Quayle (1974) describes this bias.

The work by Yamanouchl and Ogawa (1970) (Fig. 4) covers the Northern Pacific
region not included in Hogben and Lumb (1967), In addition to the tables in this
work which give the same information as in Hogben and Lumb, there are roses and his-
tograms which make it easy to see the relations among conditions in different areas
and at different times. It should be noted that the tables in this publicatien in-
clude all waves higher than 7.7m (25.6 ft.) in one group. This lack of definition
in the probability of occurrence of the large waves makes these data Ilnadequate for
accurately predicting long-term ship loads.

Fig, 5 indicates that the U.S. Naval Oceanographic publication (1963) which cov
ers the North Atlantic does not give as much information as Hogben and Lumb in that
numbers of observations are not tabulated and thus percentage occurrences of large
wave heights cannot be obtained to an accuracy of greater than 1%. But it does give

am & e e o msm A mmam Tl e mmtmmm FEU i mme MLY o bemem e ol oL P AP od L ae  uma

information for much smaller areas \J uquu:.ea). This type of subdivision may be
needed for some purposes.

Fig. 6 shows that information on observations in the norther North Atlantic, a
region not covered in Hogben and Lumb, is available in Ewing and Hogben (1966).
Appendix C contains sample tables from all these various collections of wave obser-
vations.

The 1964 ISSC Committee 1 report (ISSC 1964) includes statistical data for shig

route areas. The wave height bands used were so broad, however, that the data are
of limited usefulness.

Unusual Conditions

Bad weather areas and seasons are indicated by reference letters in the world
map, Fig. 7. Table 3 lists special hazards which are also indicated on the map. Ti
table zlso indicates the cause or tentative explanation of the hazard. In the case:
where currents are listed they may be Ilmportant not only in themselves but for theil:
effect on waves. Fig, 8 indicates the effect a current can have on waves.

This current effect 1s thought toc be a factor off the Southeast Coast of South

-14-
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Notes

For each of 50 areas and each of four seasons (plus the whole year), the fol-
lowing information is presented:

Tables for each of 12 direction classes (plus all directions combined) showing
numbers of observations in cells corresponding to every combination of wave height-
and period code number (i.e., height intervals in 1/2 meters and period intervals of
2 seconds) for which observations have been reported. ‘

About a million observations reported in the years 1953 to 1961 are covered.

Figure 3 Worldwide Wave Data (except North Pacific)
Source: Hogben and Lumb (1967)
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For each of 54 zones (as defined by the grid lines shown in the map above) and
each of 12 months (plus the whole year), the following information is presented:

(1)

(i1)

(iii)

fiv)

Wind velocity rose with 12 direction classes
Wave height rose with 12 direction classes
Wave period rose with 12 direction classes

Mean of wind
Mean of wave
Mean of wave

Histogram of
Histogram of
Histogram of

speed, percentage of gale force (34 knots and above)
height
period

wave height
wave period
wave speed

Tables of percentage frequency of ocurrence for wave height vs. wave

period

About 1,500,000 observations reported in the years 1954-1963 are covered.

Figure 4

Source:

North Pacific Wave Data
Yamanouchi (1970Q)
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Notes

For each of
(sub-divided into alternata 5

3 main arsas, No. Atlantic, Mediterranean and Gulf of Mexico
5° squares), and each month, the following informa-

tion is ypresented:

(i)

(i11)

(iv)

)

Wind roses wita 8 direction classes

State of Sea:
Roses with 8 direction classes
Isolines of frequency of exceeding various wave heights
Predominant :3ea direction

Swell:

Same as for state of sea

Persistence diagrams of wave height
At weather siations by seasons not months

Cumulative cross frequencies of wave height, period, and direction
By seasons not months

The information is priesented graphically in the form of graphs and roses

rather ttan in tables of numbers of observatioms.

The graphs and plots cannot

be read to an accuracy greater than 17

The alternate 5% squares summarize about 600,000 observations.

North Atlantic Wave Data
fiource: Naval Oceanographic Office (1963)

Figure 5
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Notes
For each of 3 areas and 2 seasons, the following information is presented:

(1) Cumulative frequency curves of wave height and period and rosettes of
Beaufort wind force with 8 direction classes.

(ii) Tables giving numbers of observations for
Wave helght vs. wave period
Wind direction vs. wind force
Wave height vs. wind force
Wave length vs. wave period

About 4,000 observations reported in the yvears 1953-1965 are covered.

Figure 6 [Extreme North Atlantic Wave Data
Source: Ewing and Hogben (1966)

-18~




3

(fog Los -- sioquny Lq peleDIpul) ®AJORdg
pP2aInsSesl JO SUOTIBD0T pue (III 9[qERl 998 —- SI1931397 Aq paedTpul) SpaezeH Terdadg yilfm seaiy - ; "B1d

L]

0%

-

|
B
[P T — 1

oh

T
’

-—-—1

N

1
}

(

4
_ Muhmﬁv

1 1 { 1
uaqioy ¢ Buimzy

(0L61) a°3®H

(9£61) uoluaj % uUOSIEY]
(e£961) @nour

(ey/61) uvemyjol

(9£61) paayya0
(S161) uzmyjol

(59, ‘€9, ‘Z961) Zzitmovsoy

(ZL61) S2TTH

996T) 3Jouszel £(Z961) II90TJ

(1L61) 8201q

o9

Oh

ot




Figure 8 - Change in
Wave Dimensions for
Opposing and Following

Currents (Wiegel, 1964)

3.5 t
] I
Ho WAVE HEIGHT IN STILL WATER
Hc WAVE HEIGHT IN CURRERT
3.0 CO WAVE VELOCITY IN STILL WATER —i-
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TABLE TIII - SPECTAT, HAZARDS

Entrance Nantucket Sournd (Pollack Rip),
Nantucket Shoals (Rips}, tip of Cape
Cod (Race Point), Bay of Fundy

Grand Banks

Cape Hatteras

Eastern side of Morth Sea

Bay of Biscay

Southeast Coast of South Africa

Pacific Ocean Northeast of Japan
Seymour Narrows, BC

Hurricanes and Typhoons in
various locations
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letters refer to locations shown in Figure 7.

Nature of Hazard

Tidal currents, shoaling

Labrador Current, shoaiing
Gulf Stream

Shoaling

Reflection and refraction

Agulhas Current and sweli from
Antarctic Qcean

Kuro Shio Current
Tidal currents

High winds and waves




Africa. Large waves can occur there when an area of low pressure moving to the
east-northeastward produces a strong scuthwesterly wind blowing against the flow of
the Agulhas Current. This combination of conditions has produced waves of 7 to 8 m
(23 to 26 ft.) with a period of about 10 seconds and length 60-90 m (200 to 700 ft.)
moving to the northeast. Thete may also be wave trains emanating from severe Ant-
arctic storm centers further south having periods greater than 14-15 sec. These
long swells, or "Cape rollers” may in themselves be a hazard for large super tankers.
But when these swells move in the same direction as the storm seas (Quayle, 1974 a)
and the crests of the two wave trains coincide, a "freak wave" of 20 m (66 ft.)} in
height may result. The lifetime of such a wave is short, and it will only extend
over a limited distance.
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IV. MEASURED WAVE DATA

Sources of Wave Measurements

The measured data are limited in quantity and location compared with the vast
systematic accumulations of visual observations. The need for measured data has,
however, been fully established and collection programs are expanding.

The number of wave measuring instruments that have been used in limited quantit
is quite large. Although most have served a useful scientific purpose, few have bee
widely used for long periods. The Tucker recorder (SBWR) is the most successful
shipborne instrument, and has been used on weather ships for generating large quantl
ties of measured data for the North Atlantic, and lesser amounts for the North Pacif
ic and elsewhere. It is somewhat restricted by the requirement that the ship be hov
to. (A number of measurements have been made using the Tucker recorder on ships at
speed, but the validity of these measurements is in doubt, as discussed later). The
reliability of the Tucker recorder is critically dependent on the application of &
frequency dependent calibration correction which depends on the size and characteris
tics of the vessel on which the recorder is mounted.

The British National Institution of Oceanography (NIC) has used ocean weather
ships (OWS) equipped with Tucker wave recorders to record long series wave records.
The equipment is built into the ships. Other ships have also been equipped with NIQ
Tucker recorders, including several American flag merchant ships. However, the lat-
ter results obtained are inadequate because of the forward speed of the ship, Webb
(1974), Wheaton (1975). Appendix F describes the extent of the data accumulated usi-.
these instruments.

In locations where fixed towers are available, such as in the Gulf of Mexico, a
resistance wire wave meter -- such as the Baylor gage -- is useful as a simple yet
accurate measuring instrument. The Vibratron, a low-noise transducer used to measul
pressure variations, has been used to measure wave heights from the bottom, and fror
the top of the Cobb Sea Mount off the West coast of Canada. It has also been used
in combination with an accelerometer on floating drilling platforms.

Recently, the NOAA Data Buoy Office (NDBO) has used accelerometers mounted in
40-feet diameter buoys to make measurements. The results thus far have been good a
their program is expanding. The Waverider buoy, a l-meter sphere with acceleromete’
designed and manufactured in the Netherlands, has been used to measure lake and
coastal wave elevations. It has been used in open ocean locations in conjunction
with specific ship test and measuring projects, but has not been used routinely to
obtain open ocean spectra. Buoys in the intermediate size range are being develope:
by oil companies for use in obtaining wave data for use in drilling platform design
and operation; most of this information is proprietary.

Data from other wave measuring systems, such as wave towers and pressure trans-
ducers in shallow water, the pitch/roll buoy, the clover leaf buoy, aerial photogra
phy, imaging radars, airborne laser altimeters, over—the-horizon high-frequency rad
waves, and a nanosecond airborne radar, have yet to be used extensively for naval
architectural purposes.
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The four instruments for measuring waves and providing data of importance to
naval architecture in deep water or on the continental shelf are the Tucker Shipborne
Wave Recorder, the NOAA Data Buoy Office Discus Buoy, the Baylor Gauge and the Wave-
rider Buoy. See Appendix D for a full description of these instruments.

Reliability of Wave Measuring Techniques

Of the four important instruments mentioned in the preceding section, all but
the Baylor Gauge, the instrument used on oll platforms, measure an acceleration and
convert the data during processing to an elevatlon spectrum by means of either a
double integration in the time domain or its equivalent in frequency space. Those
that measure acceleration attempt to correct for ship or buoy response to the high
frequencies in one way or another.

Each of the systems using an accelerometer measures something slightly differ-
ent. The ship with the SBEWR does not follow the orbital motion of the shorter waves.
The Discus buoy of NDBO probably follows the orbital motions of the larger waves.

The Waverlder buoy being small is almost equivalent to a freely floating particle of
water on the free surface.

In addition, each of the systems has the equivalent of some kind of a band-pass
-filter acting on what would have been a "pure" record of acceleration. This filter
ia a function of the dimensions and response of the platform and of the range of the
accelerations sensed by the recorder. The low-pass filter, defined as a function of
frequency, say, F{w}, operates on the true elevation spectrum S(w) to produce,

*
$ (w) = TFlw) S(w)

The low-frequency range of the band-pass filter, say w = 0 through w = 2/25,

presents particular problems, at least with the SBWR and perhaps with the other two.

Fortunately, the long waves with frequencles this low (lengths greater than 3000 ft.)
seldom need to be considered for practical purposes. However, certain aspects of

non-linear wave theory suggest they may prove to have theoretical importance.

For most wave frequencies of importance to naval architecture, the filter F(w)
can be found and the output spectrum § {(w) can be used to calculate S5(w) as in

*
S(w) = 8§ (w)} [/ F(w
However, as F(w) approaches the high-f;equency cut-off, there will be a range
of w where a substantial amplification of § (w) 1ls required, and when F{w) becomes
nearly zero, the procedure yields poor results.
For these reasons, the SBWR yields useful spectra ounly over the frequency range,
2n/25 < w < 2%/5 or 2n/4

or the wave length range,

100 ft. < L < 3000 fr.



An additional problem with the SBWR is that the final output is the sum of two meas-
urements —- pressure and accelerztion -- each of which ideally should have a differ-
ent calibration factor,

The NDBO Discus Buoy must also have important filter effects for w > 2n/4. The
Waverider buoy seems to be a good standard for calibration and appears to have the
widest frequency range.

The Baylor wave gauge was used to measure hurricane waves in the Gulf of Mexico..
It has an unknown roll-off starting at w = 27/3, but still responds to high-frequen-
cy waves in a useful way. Additional study of the electronics in these gauges could
provide further information on F(w). !

Waves shorter than 100 ft. {w < 2w/4) are seldom of importance to larger ships, |
but they are important to small craft, surface effect~ships and hydrofoils., They
also contribute to problems In deck wetness and slamming. There is increasing evi-
dence that strange things happen in the frequency range, 2n/4 < w < 21 (5 < L < 80
ft.) and that thls range is wind-speed dependent. Growth of the spectrum with wind
speed in this range adds several feet to the significant wave height. New systems
and new techniques are required to measure these spectral components and new basgic

research programs to develop these spectral systems need to be funded.

Once a record of wave height has been obtained, 1t can be analyzed in several
ways. The simplest is the Draper method of analysis in which the number of peaks
and troughs, number of zero crossings, and highest positive and negative maxima are
determined from visual examination of the record. These values are then used to de-
termine various parameters of the record. The other method is to compute the energy
spectrum by taking the Fourier transform of the auto-correlation function or by means
of a Fast Fourier analysis. The parameterc are then determined by the relations be-
tween the various moments of the spectrum. A detailed comparison of the results
using each of these methods with the same data is given in Appendix H.

This comparison is important because analysis of all the records from the Brit-
ish NIO Tucker Recorders 1s being done solely by the Draper method. It can be con-
cluded that the B values derived by this method are quite good and these data
should be made avaiiable. :

The original problem with the energy spectrum method of analysis was the large

amount of computation required to produce the spectrum from the record. This problem
has been solved with the advent of the large high-gspeed digital computer. The re-
maining difficulty is that much of the data, as for example that from the Tucker wave
recorder, is in the form of strip charts, which require a great deal of manual effort
to read and to put into digital form. This problem is being eliminated in that most

recording is now being done in a form that is directly compatible with computers.

The number of spectra available is limited but increasing. The map, Fig. 7
shows the locations where spectra have been measured, as indicated by reference num=-
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bers. A table giving details is given in Appendix E, with typical results from the
various sources given in Appendix I. .

If specific information is required about the availability of measured data for
a particular coastal location, Appendix G can be consulted. It is a table compiled
'l-.y PIANC (Demanent International Agsocilation of Navioar‘inn (‘nng‘rpqqeq‘) of orizanlza-

tions which can provide detailed information concerning wave recording sites in
their countries.

As can be seen from the study of large samples of spectra from a single location
there is considerable variation in spectral shape. It is difficult to draw conclu-
sions about "typical" or mean spectra for a location without having a large sample.

Such large samples of spectra are currently available for the following loca-
tions: weather stations I, J and K in the eastern North Atlantic; station P in the
eastern North Pacific; Cobb Seamount; and the Great Lakes. NOAA Data Buoys in the
Gulf of Alaska, the Gulf of Mexico and off the eastern U.S. Coast have been provid-
ing an increasing amount of data.

The number of directional spectra available is limited to a mere handful. Such
_spectra, which specify the energy as a function of both direction and frequency, re-
quire sophisticated measurements. The methods available to obtain directional in-
formation include arrays of wave height measuring devices, slope measuring instru-
ments, and stereo photography. Table 4 describes the directional spectra available.
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Sample Rate

Analysis Method

Smoothing

Corrections

Units (ordinate)

Units {abscissa)
Instrument

e ___

L e

Location

Number of Spectra

Available Directional Spectra

Cote, L.J., et al

Table IV

Canham, H.J.S.,

Longuet-Higgins,

(1960) et al (1962) M.S., et al (1961)
1300 x 2700' 12 min. same instrument and
procedure as Canham,
x = 30' .5 sec. H.J.S., et al (1962)
Correlation Correlation
20 x 40 lags 60 lags
2-dimensional
. 1 1
Hamming factors LA

tilt of zero level

noise correction

2
ft . sec.

-1

sec

Nio
pitch-roll buoy

i959
North Atlantic

3
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V. THEORETICAL SPECTRAL FORMULATIONS

Basic Formulations

The short-term description of the sea is the basic input required in order to
determine the response of a vehicle in such a sea. The definition of short-term
is a period of time short enough to make it possible to describe the sea as a
stationary random process, The stationary property does not imply that the surface
of the sea remains unchanged. On the contrary, at any given instant of time the
surface pattern is unique. However, the statistical properties of the short-term
sea, defined by its spectrum, may be regarded as constant over such a period of
zime, The significant wave height and average period alone cannot characterize
the short-term sea; hence, the actual wave spectrum, describing how the components
of the surface pattern are distributed over frequency, is required. When the
random process is stationary the spectrum remains essentially unchanged.

Two records taken at different times having the same height and period would,
»f course, not in general have the same spectrum. For the spectrum to remain
the same, all moments must also remain the same. The height and the period are
functions of the zero and second moments of the spectrum. Characteristic periods
and other parameters are functions of higher order moments, all of which will change
.with variations in spectral shape,

On the other hand, the first three or four moments do not exactly define
the shape, It can be seen from Figures 25, 34 and 48 that wave spectra are
highly irregular, While some of this irregularity in measured spectra is due to
sampling variability, this does not account for it completely. This characteristic
irregularity should be kept in mind whenever theoretical formulations are considered.

General Form of Theoretical Spectra

The lack of availability of measured spectra in a form suitable for application
to response calculations has led to the use of mathematically formulated spectra.
Although this approach has been extensively used, Pierson has cautioned that great
care must be taken in choosing values of the parameters based on samples of spectra.
(See Appendix J). The mathematical formulation commonly used is of the gemeral
form shown below:

5. (@) = Au P oexp (-Bu b ' [1]

where S_ (w) is the variance spectrum ordinate (ft.?2 « sec) or (m2 - sec)
w® is the circular frequency = 2u/T (sec™l)
A,B,p,q are the parameters of the spectrum

The various moments of the spectrum are defined as:

B 7 ‘o[ 5, @)« u de
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Introducing the Gamma function, for convenience,

-~

r (x) = f e gy

0
and letting
y = B wﬁq and
x = p-c-1

q

the equation for the moment of order c becomes,

m, = A r CBzﬁ:l)
q B p—c-1
q
Thus,
m, = _A r &
q BP9
m = A T (EEAJ
q B =L
q
m = A r (R:'z:g)
q B =2
q
m, = A r (Réé), etc.
q

Expressions using various combinations of the moments are often used in
describing spectra, For example,

significant wave height H = 4¥ n

1/3 o
average mean period T, = 2n mo/m1
energy average period T, 27 m_llm0

._28_

[2]

[3]

[4]

[5]

[6]
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[8l
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average zero crossing period T2 = 27 (molmz)% [10]

average crest-to-crest period T, = 27 (mzfma)% [11]

skewness Y = m3/m23/2 [12]
m.2 Y

broadness e = ( - ——15—) [13]
mo,ln

flatness g = mhlm% [14]

Specific Theoretical Formulations

By substituting'the definition of the moments in terms of the spectral
parameters, (14) and (15), into the above definitions for Hj,;3 and T;, we find:

p-1

e T &

r, = 2 ¥4 5

r &5

q

and

A -1
H = 4 : r &=
1/3 qBE:'l &

1 [T &h PP

= 4 27 2
A 6 ‘1) T Hi/s
Ir &5
q
2.4 roo&hH |9
B o= &9 )
1 r &9
q
The form for the spectrum is now,
-2
p-1 (1 =lyqF e N
. .9 (2% [T¢—)1 - q |7 _
S, () = 1¢ &) 8. o ? expll-&Y ] | —3- W9 (15
i _p. -1 "1/3 T, r@=2
(ré&o] q
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To find the frequency at which the peak of the spectrum occurs, we set the
derivative with respect to w equal to zero:

d
30 Sc(m) 0

Carrying out this differentiation, setting the result equal to zero, and calling
the frequency at which the peak occurs, wy, we have:

or

Letting p = 5 and q = 4 in [15] yields a formulation which is generally
referred to as the modified Pierson-Moskowitz spectrum,

-5 wT, \~4
SC(N) = 0,1} Qf;) H1/3 w exp [-0.44 (—E%) ]

This is the ISSC recommended spectral formulation, ISSC (1970). TFor this case,

T-IITI = 1.1114
1,/T, =  0.9208
€ = indeterminate
Y Hll3 - 6.1438
8 H1I3 = indeterminate

W Tl = 4,8492
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it is possible to calculate € by truncating the spectral density function at
high frequencies. It has been shown ia Loukakis (1970) that the spectral broad-
ness factor for the above spectrum is given approximately by € = 0.59.

If p=6 and q = 2 in [15], the Neumann spectrum is obtained:

5 wT -2
w3’ 2 6 (.._1_)
For this case,
T2/T1 = 0.9217
£ = 0,816
¥ Hll3 = 5.5279
B H1/3 = 14,8043
w T = 4,8223
o1

Two additional spectral formulations based on the above general formulation
were presented in Mirakhin and Kholodilin (1975) and are based on measurements:

Voznesenski-Netsvetayev spectrum,

. -6 -l
E Dm & 1.97 (—f—') exp [~0.53 (—E"'_—) ]
(4 N} w

where
- 2r
w = 5 = mean wave  frequency
1 2
H
D = m = 1/3 = zero moment
z V) 16

max

Krylov spectrum,

-S—BQ‘—’)—-_ = 3.12 (—%’_—)'7 exp [ -0.79 (%)_4]
z
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- 1]
S W) w = 2.21; -2 0.82
DC max o

Spectral Shape Definition

It is evident from the preceding presentation that, as long as the basic
formulation given by [1] is used for the spectral representation, the only way
one can control the shape of the spectrum is by assigning different values to
the parameters, p and q.

In a recent study at Webb Institute, Walden and Hoffman (1975),an attempt !
was made to determine revised values for p and q. This was done by determining
the flatness and skewness in terms of p and q from the theory and then choosing the
combination of p and q which provided the best fit to measured values, The measured
values were determined from the spectra avallable from Stations I, K and P,

It was found that p and g are quite sensitive to the skewness and flatness,
This means that if skewness and flatness could be determined accurately, p and q
could also be determined. Unfortunately, it also means that if there is a small
uncertainty in skewness and flatness there is a large uncertainty in p and q.
It was found that the differences in measured skewness and flatness values which
resulted from different averaging procedures resulted in p's from 6.2 - 5.7 and
q's from 5,9 - 3,9. Fig. 9 shows the skewness data from Station "Papa." The
intercepts from this plot and from a similar plot of the flatness data provided the
basis for the choice of p and q.

It was also found that adjusting the values of p and q in the theoretical
formulation to provide better agreement between the measurement and theoretical
values of the broadness and flatness factors led to greater disagreement between
the values of other measured and theoretical parameters. In particular, the agreement
was worse for the frequently referred to relation between wg and Tj.

It follows from the form of Eq. [1] that any combination of p and q predicts
a relation of the form,

mo T1 = c

when ¢ is a function of p and q. The c resulting from the revised p and q
resulted in a worse fit to the measured data.

It can be seen from Fig. 10 that the actual relation is of the form
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where x is some power less than 1. This relation can never be accurately described
by a spectral formulation of the form in [1].

Fexdinande, et, al. (1975) have also conducted an investigation into determining
p and q. Their work was of a more limited scope and their measured values were
based on a much smaller sample. They found for their limited sample that p = 4.9 and
¢ = 3.5 provides a better fit, based on measured and theoretical T_1/Ty and T1/Tq
ratios. Fig. 11 shows the data on which they based their choice of p and q.

Some recent work with spectral formulations other than [1] has also been
attempted, Ewing (1974). The Joint North Sea Wave Project (JONSWAP) was initiated
primarily to study the form of the source function of the energy-balance equation
for the wave spectrum during conditions of wave growth., The formulation is for
spectra corresponding to fetch-limited off-shore wind conditions and is a variance
spectrum expressed as a function of frequency, £ = 1/T

2 -4 2
= =)
E(f) —%ﬁy— exo[-% (f—) J~yexp | - (f2 )
L 20° £ [16]
where o for £ < f
a — m
G =
ay for £ > fm

end there are five parameters, fp, o, y, 05 and op. As shown in Fig. 12, fp ig
the frequency of the spectral peak, y is the ratio of the maximum spectral energy
to the maximum of the corresponding Pierson-Moskowitz spectrum and ¢, and oy are
measures of the left and right-sided widths of the spectrum.

It can be seen that if the last factor in [16],

(£ - fm!Z
Y exp |- ) = 1
20 f
m

the latter reduces to the same form as the basic fully-developed spectral formulations
[15], with p = 5 and q = 4, The additional factor or scaling function yields a

wider variety of spectral shapes than the basic formulation and comsequently it

makes it possible to obtain a better fit with measured spectra.

The JONSWAP spectrum has recently been presented in terms of the parameters
Hys3 and Ty, Ewing (1975); in its original form, it was based on wind speed and
fetch, It is now possible to compare JONSWAP with corresponding Pierson-Moskowitz
spectra as currently recommended by I35C., Fig. 13 shows the ISSC and JONSWAP
spectra for Hy/3 = 47,7 ft, and Ty = 11,5 seconds. It can be seen that the
JONSWAP spectrum is much more sharply peaked than the ISSC; there is thus less
energy in the high and low-frequency regions above and below the peak. Figs. 14 - 19
show some typical comparisons between measured, 1SSC and JONSWAP spectra.
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(Bwing, 1974)
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It is apparent that cases can be found where the JONSWAP matches best, Figs. 16
and 19, where the ISSC matches best, Figs. 14 and 17 aud where neither is
particularly close, Figa, 15 and 18. The lines labeled JONSWAP in the figures
indicate the effective spectrum actually used in the program. The points represent
the actual JONSWAP spectrum,

The JONSWAP form is of doubtful use for the open ocean because of the fetch-
limited and relatively shallow water nature of the measurements on which it is
based. W.J. Pierson (1975) raises serious questions about the procedures used in

determining the parameters in the JONSWAP spectrum, particularly the discarding
of double~peaked spectra,

ale SpEERELSs

Ochi (1975) has developed a three-parameter formulation of the following form,

1
Sc(w) = ¢y (wgs M) B g2 weh) b 17}

Atl
u

where w_ is the frequency of the peak, Hj;3 18 the significant wave height and A
is a shape parameter (which he eventually hopes to relate to an observed quantity
such as wind duration),

He obtains good fits to measured spectra, as shown in Fig. 20, by combining
two three-parameter spectra, one describing the low-frequency region with wpy', Hy/3',
and A' and one describing the high-frequency region with wy", Hy/3" and A". He
found he could not adequately represent the measured spectra with a single three-
parameter spectrun.

He has developed a computer program which chooses wy', Hy/3', A', wy", Hy1/3",
and A" by computing the spectra for various combinations of these param eters and
then picking the particular combination which provides the best fit in the least

squares sense to the measured spectra.

Gospodnetic and Miles (1974) studies the shape of 307 spectra from Station
"India" as a function of H]/3 and T.). They non-dimensionalized Sy(w) and w
using Hj/3 and T.;. They then grouped the 307 available spectra by His3 and T.),
using a second-order two-dimensional polynomial regression in the parameters
Hi/3 and T.) to fit the average spectra obtained by the grouping process. Thus,
thelr six~parameter spectra have the form:

2

S{w, T, H) = A 0)

(H - HO) + A (T - TO) + AZO (H-H

00 t 210 01

' 2
A, - HO) (T - TO) + Ay, (T ~ TO)
where T and H are substituted for T_; and Hy /3 respectively, and Ty and Hp are
average values for the entire sample of spectra. The six A-parameters were plotted
4:

nn finntdAana
A AWl b‘ullﬂ

The difficulty is that their analysis is based on only 295 measured spectra.
Thus, some of their Hjs3, T-j groups have as few as five spectra. This method
accurately represents the average of the Hjs3, T.] groups but for 80 frequencies
requires 480 coefficlents, which vary in no systematic way. 5o theirs is essentially
a 480-parameter spectrum, Fig. 21 illustrates their results.
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In all the above examples, Ewing (1974), Ochi (1975) and Gospodnetic and Mil.
(1974), the spectral formulation was obtained through curve-fitting of many wave
spectral estimates obtailned from wave records, and the additional parameters
controlling the shape were not related to physical conditions. Hence, the abilit:
to generalize is rather limited in all the above three cases. Another possible
way of generalizing such data is through the classification of spectra, as
discussed in the following section.

In Appendix J, Pierson discusses the entire process of parameterization of
spectra. He concludes that often toc little thought is given to what the
parameterized spectra are supposed to represent. He suggests that the sample
be stratified to the greatest extent possible. These considerations will become
increasingly important as more measured or accurately hindcast spectra become
available,
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VI. WAVE DATA FROM HINDCAST MODELS

Introduction

As noted elsewhere in this report, the quantity of measured wave data remains
very limited compared to visual estimates, despite the continued development of new
techniques to measure waves and the rather intense activities being undertaken to
test and implement the new techniques in the field. Measurement programs-are ex-
panding rapidly, most notably the NOAA data buoy program and the various special
measurement programs sponsored by the oil industry in the Gulf of Mexico, the Gulf
of Alaska and the North Sea. Nevertheless, these measurements are limited to the
continental shelf zone. Spacecraft measurement systems may be able to provide wave
measurements on a global scale within the next decade. The concept is being tested
currently on GE0OS-C and will again be used on SEASAT A in 1978. Until global-scale
measurements become avallable, wave spectra calculated by means of hindcast proce-
dures using wave generation and propagation models may be the only recourse for gen-
eral climatological wave studies. This section therefore reviews the available
sources of hindcast data, outlines the models used to generate the data and de-
scribes the sources of hindcast data that may become available scon on the basis of
current and planned wave hindcast programs,

Hindcast wave data have been generated within the context of three basic activ-
ities:

1. Case studies associated with wave prediction model development. These
data are usually limited in area coverage and in time to match an
available wave measurement data set and are available usually only in
the specific form analyzed and published for the purpose of model val-
idation.

2. Climatological studies. In this activity a wave prediction model is
used to compute a long history of wave data from which a wave clima-
tology may be developed.

3. Operational models. When a wave prediction model is used in an opera-
tional hindcast/forecast cycle, two types of spectra are regularly
produced:

- Forecast spectra based on forecast wind fields, and
- Hindcast spectra based on observed wind fields (which consti-
tute the initial conditions for the next forecast).

Prior to the introduction of digital computers to wave hindcast studies, the
quantity of wave hindcast data was very limited and consisted mainly of significant
wave height hindcast data calculated by means of wave models. These early models
will be reviewed here briefly, but the emphasis will be on spectral wave hindcast
data, as they are potentially the most useful data, and current and planned wave
hindcast programs will employ the spectral approach to wave prediction almost exclu~
sively.
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Significant Wave Hindcast Models

Most significant wave prediction methods are derived from the original work of
Sverdrup-Munk (1947). The empirical relationships between the wind, its fetch and
duration and the significant wave characteristics have been revised several times
(e.g., Bretschneider, 1952 and 1958, U.S. Army CERC, 1966). Prior to the mid 1960's
the methods were applied manually to subjectively analyzed wind fields to produce
operational wave forecasts for marine forecast services. Hindcast data prior to
this period were limited to specific locations and storms. Walden (1957), for exam-
ple, evaluated several methods by comparing their hindcasts of swell observed off
the coast of Angola in January 1955. As another example, Bretschnelder (1963)
applied the method to the hindcast of significant wave conditions at Station J for
the December 1959 storm. The hindcast data generated in this type of case study are
not very reliable because of the very subjective nature of the application of the
method, are not very extensive and are intrinsically not very useful since they
closely overlap measured wave data.

Hindcast Data Produced by the FNWC Significant Wave Forecast Model. The imple-
mentation of the significant wave method in an objective computerized wave forecast
program was first accomplished at the U.S. Navy Fleet Numerical Weather Cemntral (FNWC), a
reported by Hubert {1964). The method is an adaptation of the Sverdrup-Munk-
Bretschneider system and was the operational wave forecast model of FNWC until De-
cember 1974 when it was replaced by a spectral model, as described below. That FNWC
model routinely produced a daily wave analysis that was achleved and today provides
the largest existing hindcast data base of the significant wave variety., Specifi-
cally, the hindcast wave data are available on the North Atlantic and North Pacific
portlons of the JNWP grid system (Fig. 22) in the form of combined
sea-swell heights (the square root of the sum of the squares of the sea
and swell heights) and the average period and direction of the sea and
swell, The data are available twice daily (00GMT and 12GMT) between 1964
and 1970 and 4 times daily from 1970 - 1974. To produce an enhanced wave

hindecast data set FNWC hag extended tha hindecastae hack +to 1046 an a nﬂnn—a.-da}:
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basis. The data are stored on computer-compatible magnetic tape.

The FNWC significant wave hindcast data set is not homogeneous in that the pro-
cedures for the specification of the meteorological input to the wave analysis fore-
cast program was continually updated and refined. The most recent hindcast data are
probably the most reliable, as the input fields benefitted from a larger data base
of weather observations and were updated more frequently. The evolution of the me-
thod 1s described more recently by Hubert and Mendenhall (1970) and Schwartz and Hu-~
bert (1973). Bunting (1970) has evaluated the hindcasts and forecasts of the FNWC
model and compared the results to a spectral model and to wave measurements made at
Argus Island and at several North Atlantic Ocean Stations between March 1966 and
March 1967.

Hindcast Data Produced by NOAA Significant Wave Forecast Models. On October 1,
1968, NOAA introduced its first operational automated wave forecast model. The
method is a straightforward adaptation of the FNWC model described above. It con-
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tinues as the operational NOAA global wave forecast model. Forecasts are run twice
daily at the National Meteorological Center (NMC) and provide analysis and forecasts
on the portions of the NMC grid (IJNWP) covering the North Atlantic and North Pacific
Oceans. The technique is described in detail by Pore (1970).

The NOAA model produces wind wave forecasts in terms of significant wave height,
period and direction to 48 hours in 12-hour steps, as well as a wave specification
at initialization time (either 0000 or 1200 GMT). Swell information is not availa-
ble as an analyzed (hindcast) quantity but as forecast out to 24, 36 and 48 hours.
Since 1968, changes have been made in the way the surface wind fields that drive the
model are derived from the operational NMC hemisphere analysis and forecast models
are described by Pore and Richardson (1969).

The NOAA wave forecast model has recently been extended to the Great Lakes,
whereby significant wave information is specified every 12 hours from analysis time
(again either 1200 or 0000 GMT) to +48 hours on a special grid of points extending
over all of the Great Lakes. A statistical procedure is used to provide the winds
on the relatively fine grid of points from the large-scale NMC analysis and fore-
casts. The wind and wave specification procedures for the Great Lakes are described
in detail by Barrientos (1970).

As far as the author has been able to determine, there is noc systematic effort
within NOAA to archive the NOAA hindcast wave data generated within the context of
the analysis (hindcast)/forecast cycle just described. However, inasmuch as most
analysis/forecast products generated at NMC are intercepted and stored at the Na-
tional Climatic Center at Asheville, North Carolina, 1t may be possible to retrieve
some or all of the wave hindcast data generated by NOAA since the inception of the
models. ’

It is difficult to assess the accuracy of the NOAA wave hindcast data just de-
scribed, since verification programs have heretofore been limited to the use of vis-
ual wave estimates (e.g., Pore and Richardson, 1969).

Significant Wave Hindcast Data Produced in Climatological Studies. Significant
wave hindcast models have been applied in climatological studies for both extratrop-
ical and tropical wind systems. Neu (1971), for example, used wind data for one
year on the Canadian Atlantic Coast to calculate a wave climatology for the region.
This approach is feasible for regions not affected significantly by swell, such as
the upper east coast, but may be quite unrepresentative for say the Gulf of Alaska.

The significant wave method has been applied to hurricanes on the basis of its
adaptation to moving fetches (Wilson, 1961). Patterson (1971) calibrated svch a
hindcast model with wave measurements obtained near and in intense hurricanes in the
Gulf of Mexico. The calibrated model has been used to develop a significant wave
climatology of hurricane-generated waves for the deep water portions of the Gulf of
Mexico coast from Mississippi to Texas (Bea, 1974).

More general wave climatologies can be calculated from the time series of sig-
nificant wave hindcasts produced by the FNWC and NOAA significant wave hindcast pro-
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gram. However, this has not been done, at least not in the public domain. It is
probably not worthwhile at this point to proceed with such an endeavor, as global
scale wave hindcast series are currently being calculated from more advanced and
apparently more accurate spectral models, as will be described below.

Spectral Wave Hindcast Models

As early as 1953, the concepts of stochastic processes and spectra had already
been incorporated into a practical wave forecasting method. This technique, re-
ferred to as the PNJ method (Pierson, Neumann and James, 1953 and 1955) was based on
the spectrum proposed by Neumann (1953) which in turn was derived with the use of
data on wave heights and periods obtained by visual observing methods. This imagi-
native derivation was in a sense verified when Plerson (1954) interpreted the ob-
servable properties of waves in terms of the wave spectrum,

Among the innovative aspects of the PNJ method was the recognition of direc-
tional properties of waves -- fetch width as well as length were considered. The con-
cept of moving fetch was introduced, and the "period increase" of swell was correct-
ly explained in terms of spectral component group velocity dispersion effects.

One important weakness of all wave prediction schemes in existence in the early
1950's was the subjectivity of their application. Wave hindcasting and forecasting
was still an art -- only practitioners with considerable experience could produce
consistent results. With the development of numerical weather prediction, however,
it became evident that large digital computers could be applied to the wave predic-
tion problem. Gelci and Chavy (1961) and Baer (1962) were among the first to use a

Fars it b = o ~n
CUMPULTE WU ua

Baer's work represented an early attempt to build a comprehensive and complete-
ly computerized wave prediction scheme. His model represented the North Atlantic
ocean with a grid of 519 points spaced 120 nautical miles apart. At each grid point
the spectrum was described by 120 numbers that represented ten frequencies and 12
directions. Wind speed and direction were supplied to the grid and updated each 6
hours, while the 120 numbers were systematically modified each two hOurs, to account
for wave generation and propagation.

The PNJ spectral component wave growth was coupled to the angular dispersion
relationship given by Project SWOP (Cote et al, 1960) and expressed in the form of a
large table. At each time step, growth was allowad only for components travelling
within 90° of the wind direction, with the Neumann fully developed spectrum used to
limit growth. No other form of implicit or explicit attentuation was assumed.

Wave propagation was approximated by the so-~called jump technique -~ that is,
spectral components were simply translated to adjacent grid points after a suffi-
cient number of time steps had elasped to account for the grid spacing. Thils tech-
nique allowed the wave energy to retain the guasi-discontinuous characteristics im-
parted by moving fetches, as occurs for example near meteorological fronts. Baer
tested his model by hindcasting the severe wave conditions observed in the North At-

lantic in December 1959.
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The suitability of this model to further development was soon realized. By
1964, a revised version had been used to hindcast the two-dimensional wave spectrum
on the 519-point grid for the year 1959. This project, sponsered by the U.S. Naval
Oceanographic Office and carried out at New York University, has been summarized in
detail by Bunting (1966). Briefly, the revisions included the introduction of ob-
jective wind field analysis techniques (Thomasell and Welsh, 1963), the adoption of
the Pilerson-Moskowitz fully-developed spectrum as a limiting state and the addition
of a dissipation mechanism based on gross Austausch turbulence to simulate the
attenuation of swell travelling against wind-generated seas.

The end product of the project consisted of 30 reels of magnetic tape contain-
ing 6-hourly wave spectra and wind data over a 15-month period at 519 grid points of
the North Atlantic Ocean. The data were for the months of December 1955, November
1956, December 1968, and January through December 1959.

For each of the grid points throughout the period there are available 222
pleces of six-hourly information consisting of the following:
1} 180 numbers describing h directional
ranges and 12 direction

2) 15 numbers summing the wave spectra for each of the frequency bands.

3) 12 numbers summing the wave spectra for each of the 12 direction
ranges.

4) 12 numbers giving the percentages of total enmergy in each direction
range.

5) 2 numbers giving the wind speed and direction.

6) 1 number giving the significant wave height equivalent to the spectral
energy.

The results have been used by Wachnik and Zarnick {1965) in the study of afr-
craft carrier motions. The continued availability of this source depends upon the
condition of the magnetic tape copies that are in the possession of the Naval Ocean-

_____ L. I
ographic Oifice.

The climatology described above will soon be replaced by a more extensive and
accurate file of spectra as a result of the operational status of a contemporary
spectral wave prediction at FNWC. The hindcast data presently available from this
. effort will be described after the nature of contemporary models in general is out-
lined.

e = 1 o I s

Modern Spectral Model. The framework of contemporary spectral wave prediction
can be traced through the work of Gelci et al. (1956), Hasselmwann (1960), Pierson et
al. (1966) and Barnett (1968). These models are based on the numerical integration
of the energy balance equation:
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where E is the directional wave spectrum deflned as a function of frequency, f, di-

'!"E:CLJ.ULL, e, puSlt;uu, Xy and time t. 1s the deeP water group Velccit}’ and S, the
source function, represents all phy51ca% processes that transfer energy to or from

the spectrum. In principle, if S could be specified in terms of E and the wind
field, the above equation could be numerically integrated, subject to appropriate
initial and boundary conditions, to yield wave predictions with an accuracy limited
only by errors in the wind field and in the numerical methods.

Propagation. The physical nature of wave propagation in deep water is well un-
derastood as a result of the work of Barber and Ursell (1948), Groves and Melcer

gelsd] a5 < 1LesillL o LIl Ol x Dalel A Ulsgell L r. L)

(1961) and Snodgrass, et al. (1966). Each component in the two-dimensional spectrum .

travels along a great circle in its direction at the deep water group velocity ap-
propriate to its frequency.

FT0E2Y damae odean I—hn‘- Tev

Dd.i:L vizus) u luULLbLLated Lilads vy 2 it
ference analog was Inadequate if the quasi—discontinuous nature of the spatial dis-
tribution of wave energy is to be preserved. Such a scheme has been used by Gelci,
er al. (1966) and Barnett (1968).

r fin

propagation a e dif-
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The jump technique, as developed by Baer {1962) partially overcame this diffi-
culty but was at best only an approximation to propagation for most spectral compon-
ents and it could lead to serious errors for large propagation distances. Piersonm,
Tick and Baer (1966) proposed a technique that combines the finite difference and
jump techniques. Their propagation algorithm attempts to keep track of discontinui-
ties in the energy field and employs jump techniques in such regions, while the fi-
nite differences scheme is applied where the fields vary smoothly. Uzi and Isozaki
(1972) have developed a more complicated version of the jump technique whereby lat-
eral spreading and longitudinal dispersion associated with discrete directional
spectral components are simulated. Ewing (1971} has proposed a model in which a
fourth-order differencing scheme is used to simulate propagation.

Most numerical models have used grid systems on conformal map projections be-

cause of their minimal distortion, small-scale variation and comservation of angle. -

Crid paths on such projections are not, in general, great circles, though for dis-

tances less than one quarter of the earth's circumference, errors are not too large.
For global scale predictions, Baer and Adamo (1966) proposed a grid system based up-~-

on the gnomonic projection -- on which all straight lines are great circles, A
multi~projection system was devised in which the earth was mapped omto 20 faces of
an 1(‘0=‘ahpdrnn circumscribed aboutr the earth. This "Icosahedral-Cnoswwnic Projac-

CLILUAsLLADCn DL Soatlile Lilis PRMES T2t 40§ = allT

tior' is shown in Fig. 23. Within each triangular subprojection, a bhexagonal coordi-
nate cvstem defines a 1225 point grid of average spacing 95 nautical miles. A modi-
fied jump technique has been used on the Northern Hemisphere portiom of this grid
system and appears to give reasonable results,
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Global Numerical Wave Prediction. (Baer and Adams, 1966,)
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The Source Function. The dominant processes that can transfer energy to or
from a spectral component include direct transfers from the wind field, wave break-
ing and wave-wave non-linear interactlons. The wind generation part of the source
function, Sw’ is usually expressed as

Sw = A(f, x, t) + B{(f, x, t) * E(f, x, t)

where A and B are also functions of the wind field. The quantity A has been given
physical significance through the theory of Phillips (1957), which explains the ini-
tial generation of gravity waves on an undisturbed sea surface through a resonant
excitation by incoherent atmospheric turbulent pressure fluctuations being convec-
ted by the mean wind. To this author's knowledge, the only reliable field measure-
ments of this pressure spectrum remain those of Priestly (1965) who obtained meas-
urements over mowed grass for a variety of wind speed and stability conditions. The
limited fetch wave growth studies of Snyder and Cox (1966}, Barnett and Wilkerson
(1967), Schule et al. (1971) and Ross et al. (1971) have verified that the resomance
mechanism is responsible for the early linear stage of wave growth. The wave pre-
diction models of Barnett (1968), Inoue (1967) and Ewing (1971) and others all in-
corporate Priestly's functional form of the three-dimensional pressure spectrum with
a scaling factor fitted to growth rates determined in the field experiments.

The quantity B in (2) has been given dynamical significance through a series of
studies beginning with the work of Miles (1957 and 1959). In those studies Miles
was the first to calculate the amplitude of the component of atmospheric pressure,
induced by a prescribed free surface wave, in the air flow over the wave and in
phase with wave slope. His analysis was quasi-laminar, atmospheriec turbulence being
neglected except in the sense that the wind profile over the waves was specified as
logarithmic. Phillips (1966) was successful in extending Miles' model to include
some aspects of atmospheric turbulence and showed that these effects were important
in determining the energy transfer to spectral components possessing phase speeds
above anemometer height wind speeds.

The important result of the Miles-Phillips instability theories is that spec-
tral energy increases exponentially with time or fetch untll dissipative effects be-.
come important. For a neutrally stratified atmosphere, they show that the dimen-
sionless growth rate B/f can be expressed solely as a function of dimensionless
friction velocity, u*/c, where u, = JT?p (t is the surface shear stress and p is
air density). The instability theories have been verified qualitively by direct
measurement of the wave-induced air velocity and pressure fields both in the labora-—
tory {(Shemdin and Hsu, 1967) and in the field (Dobson, 1971}, but the theoretical
growth rates appear to underestimate those observed by about a factor of 4.

The significance to wave prediction of non-linear wave-wave energy transfers as
originally proposed by Phillips (1960) and developed by Hasselmann (1963) remains a
controversial subject, as does the related question of the existence of a fully-
developed sea. Wave prediction models whose source function ignores non-linear en-
ergy transfers invariably involve the concept of a fully-developed spectrum to limit
spectral component growth at frequenciles below the equilibrium range. The Pierson-
Moskowitz spectrum has been widely used in this context.

The calculation of non-linear transfers involves evaluation of quadruple inte-
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grals over the directional spectrum. Even with the fastest computers available,
such calculations are impractical in a wave prediction model. The wave-wave trans-
fer rates have therefore been computed only for typical spectral shapes and applied
to a given spectrum parameterized in terms of total energy, mean frequency and mean
direction. The wave prediction models of Barnett (1968) and Ewing (1971) have in-
cluded a wave-wave interaction component in their source function through such para-
meterization.

Hindcast Data Generated Through Model Development. A very limited amount of
wave data has been generated in the process of model development for the various
spectral models described above. Ewing's (1971) model, for example, was run only t«
simulate two three-day periods in November 1966 and June 1967, for which wave meas-.

urements were available at Stations I and J in the North Atlantiec Ocean.

The limited applicability of most spectral models has made model intercompari-
sons difficult except for ideal imposed wind conditions. Several hindcasts of the
severe storm in the North Atlantic in December 1959 have been compared by Hayes
(1973). The comparison is significant because each hindcast was made by a numerical
spectral model applied on the same exact grid system (Baer, 1962) and driven with
the same wind fields. The differences between the hindcasts therefore reflect main-
ly differences in the source function and propagation method, The time history of
hindcast and observed significant wave height for this storm at ocean station J is
shown in Fig. 24, with the hindcast and observed one-dimensional spectra at peak
storm conditions shown in Fig. 25. It is clear that the "second gemeration" spectral
wave prediction models (Inoue, 1967; Barnett, 1968; Isozaki and Uji, 1973) signifi-
cantly improved upon the original Baer (1962) results. The source function of Bar-
nett's model included a non-linear interaction parameterization but its hindcasts
are not significantly better than those models that do not include non-iinear trans-
fers explicitly. Those models that include a dissipation mechanism for turbulent
attenuation of spectral components propagating against locally wind generated seas
(Inoue, 1967, and Isozaki and Uji, 1973) appear to simulate better the decay of seas
after peak storm conditions.

The observed spectrum at peak conditions (Fig. 25) appears to be narrower than
all hindcast spectra, and this discrepency cannot be completely explained by sam-—
pling variability or the limited frequency resolution of the hindcast spectra. Fur-
ther refinement of these hindcasts would appear to require two-dimensional measure~
ments and a further reduction of the remaining differences between the grid wind
fields and the true wind distribution.

More recently, Feldhausen, et al. (1973) have also compared hindcasts for the
same storm. Both spectral and significant wave methods were intercompared. For the
best models, the correlation coefficient between hindcast and measured significant
wave height at station J averaged 0.85, but there was a systematic tendency for all
methods to overspecify sea states between storm periods.

Operational Spectral Wave Prediction Models. The potential for the rapid accu-
mulation of a global scale waVe hindcast data bank through the implementation of
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Fig. 24 - A comparison of various spectral hindcast model predictions of the
time history of significant wave height at the position of the
Ocean Station Vessel 'J' (52° 40" N, 20°W) in the eastern North
Atlantic, during the severe storm of December, 1959. (Hayes, 1973).
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spectral models in operational wave forecast programs was realized in December 1974
when the model described by Pierson, Tick and Baer (1966) became the operational
model of the FNWC. Two years earlier, a Mediterranean wave spectral model was
placed into operational use at FNWC (Lazanoff, Stevenson, and Cardone, 1973). As a
result, hindcast wave spectra are now produced routinely for the entire Northern
Hemisphere and are archived at FNWC in the format to be described below.

Mediterranean Sea Wave Hindcast Data. Twice a day, the wave spectrum resolved
nto 15 frequenciles and 12 directions is updated and forecast to 48 hours on a grid
of points with average grid spacing of 40 nautical miles (Fig. 26) that represents
the Mediterranean. The forecasts have been verified against measured wave staff and
laser profilometer data with good results. Shallow water effects are not yet in the
model. FNWC is presently saving and archiving all grid point hindcast spectra,
available 4 times per day, on magnetic tape along with the significant height field.
This complete archiving system began in October 1975. Between April 1972 and Octo-
ber 1975, the significant wave height field is available on microfilm and for most
of the period complete spectra are available for about 30 grid points distributed
across the grid, also on microfilm.

e

Northern Hemisphere Icosahedral Grid Hindcast Data. The Icosahedral hemispher-
ic spectral wave prediction model has been operational at FNWC since December 1974,
Forty-eight-hour forecasts and 12-hour hindcast updates of the spectral field are
made twice daily for the North Atlantic Qcean, the North Pacific Ocean and adjacent
basins, the Gulf of Mexico and northern half of the Indian Ocean. With regard to
Fig. 23, the model uses seven subprojections for the North Pacific, six for the
North Atlantic and Gulf and one for the Indian Ocean. There are 325 grid points on
each subprojection with a spacing of 350 km at the point of tangency and 194 km at
the vertices. As in the Mediterranean model, at each grid point the spectrum is re-
solved into 180 discrete variance elements representing 15 frequencies and 12 di-

rections of propagation.

Since October 1975, the wave hindcast spectra have been saved at all grid point
points and are available four times a day at six hour intervals (03GMT, Q9GMT, 15GMT,
21 GMT). Prior to October 1975, a small subset of grid points was available cover-
ing portions of the Gulf of Alaska, the West Coast of the U.S5., the Gulf of Mexico
and portions of the North Atlantic.

Lazanoff and Stevenson (1975) have described the model icself as implemented at
FNWC and have presented a preliminary evaluation of the hindcasts and forecasts as
verified against measured wave data. They conclude that the method "produces far
superior results than the previous FNWC operational singular wave model" for signif-
icant heights.

More recently, comparisons of the hindcast data with wave spectra measured at
locations of NOAA data buoys (e.g., Appendix K) suggest that systematic errors may
be present in the FNWC model. These effects are probably caused by errors of a sys-
tematic nature in the wind input to the FNWC model. Beginning in late 1975, speci-
fication of the winds was changed (Kaitala, personal communication} to conform more
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The Grid System of the FNWC Operational Mediterranean Sea
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closely with the procedure described by Cardone (1969). Hindcasts made with the o.
wind input have yet to be evaluated. Currently, a hindcast series is being genera
ted on the Univac 1108 machine at the U.S. Naval Oceanographic O0ffice. The hind-
casts will Initially extend for a month period (mid December 1973 - mid January
1974) and only for the North Atlantlc portions of the grid system. The winds for
that hindcast were calculated precisely according to the procedure described by Cal
done. The hindcasts will be compare to special Tucker meter wave measurements mad¢
at the ocean statlons in the eastern North Atlantic during the SKYLAB experiment.
This study should be completed within a few months and could provide insights as ti
the role fo the wind input iIn the discrepencies observed in the FNWC operational
output.

Current and Planned Wave Hindcast Activities

The operation FNWC spectral model will provide an ever—expanding data base of
hindcast wave spectral data, since the total hindcast output continues to be ar-
chived. This source will therefore rapidly increase and should supersede all exisl
ing sources in quantity and probably 1n accuracy as well. To extend this data basi
FNWC plans to hindcast a twenty-year perilod with the hemispheric spectral model.
The effort will begin this year with a complete hindcast of the year 1975, and ther
will be extended back in time year by year. The rapidity with which this effort
will proceed 1s not yet determinable as it depends on the exact nature of computer
resources that will become available this year at FNWC.

Development of Operational Spectral Wave Forecast Models Elsewhere

Several countries are engaged in the development of spectral models for event
al operational application. The model described by Ewing (1971) could now produce
operational spectral wave forecast and hindcasts for the eastern North Atlantic bu
has not been implemented.

In Japan, the model developed by Isozaki and Uji (1974) has been programmed f
a portion of the North Pacific Ocean. Recently, Isozaki and Uji (1974) performed
test hindcast with the model for a seven-day period in January 1972, using the ma-
rine boundary layer model of Cardone (1969) to provide the winds. Thehindcastswe
compared to visual wave estimates provided by ships. The comparisons were favorab
However, there is no indication that the model will be implemented operationally i
the near future.

Australia is also engaged in the development of a spectral model for applica-
tion to the southern oceans. The form this model will likely take was indicated i
the study of Dexter (1974) in which four spectral models were tested against simpl
idealized wind fields. The study suggest the form'an operational model will likel
take, but does not indicate when such a model will be implemented.
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Development of Shallow Water Spectral Wave Hindcast Models

The emphasis in the development of new wave hindcast models appears to be on
the applicability to shallow seas. Cardone et al. (1975) have developed & model
that can be applied to small time and space-scale metecrological phenomena such as
hurricanes, with particular application to the continental shelf zone of the Gulf of
Mexico. Hindcasts of shallow water spectra associated with several hurricanes com—
pared quite favorably with spectra measured from specially instrumented oil rigs.
The o1l industry will probably use that model to calculate a climatology of hurri-
cane-generated wave conditions in the Gulf of Mexico within the next year. In a
study supported by Shell Development Co. and NOAA, the model 1s being adapted to the
east coast of the U.S. (deep water), and may be applied to forecast hurricane gener-
ated sea states quasi-operationally this summer, using NOAA's computer in Miami.

Collins (1972) and Barnett (1969) have also developed spectral wave prediction
models for shallow seas but the models have not been used extensively enocugh to pro-
vide hindcast wave data.

A major research effort is currently underway in Great Britain to develop a
wave prediction model for application to the shallow and deep portions of the North
Sea. The model will employ a parametric approach (Hasselmann et al. 1976) for the
wind sea, while swell will be tracked separately. Bottom friction but not refrac~
tion will be modelled.

The model will be used to hindcast a sample of 50 of the most severe storms
that occurred between 1965-1975. Wave records from oil rigs and weather ships
available recently for the North Sea will be used to calibrate the model. The
effort is scheduled to be completed by the end of 1976.
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VII. PREDICTION OF LOADS

Ship Response Prediction

So far general wave characteristics and wave spectra -- theoretical, measured
and hindcast —- have been discussed. Consideration must be given next to the use to
which the wave data are to be put -- namely, the determination of the responses of
ships and other floating structures to the waves. This leads to the question of the
characteristics and variability of the response spectra. In general, the main in-
terest is in the area of the response spectrum representing the root-mean-square of
the process, which defines the principal statistical properties of the response. By
contrast the shapes of the wave spectra are of great importance, since they affect
the response spectrum area, ylelding some scatter about the mean area. This state-—
ment will be clarified in the following paragraphs.

In general, on the basis of the superposition principle whose applicability to
ship motions was first demonstrated by St. Denis and Pierson (1953), the response
spectrum, S, is obtained by multiplying a sea spectrum, 8¢, by the response ampli-
tude operator (RAO), ¥, obtained from model tests in regular waves or by theoreti-

=1

cal calculation. Hence, for the point spectrum,
S_(w = 8 (w Y
g (@) C( ) Y(w)

It is apparent that the magnitude of the response spectrum ordinate at any fre-
quency is directly proportional to the sea spectral ordinate at that frequency. For
highly tuned responses such as roll, with sharply peaked RAD's, seemingly minor
changes in the shape of the sea spectrum can have large effects on the response
spectrum.

These changes in the sea spectral shape can be due to several causes. There is
first the obvious variability of sea conditions. Changes in ship speed or heading
can also affect the shape of the encounter spectrum, i.e., the waves which the ship
actually sees and responds to, as discussed later.

It is often assumed that the ship response is a narrow-band process and there-
fore that the short-term peak-to-mean responses are Rayleigh distributed, i.e.,

1'2

r o

o
n(r) = — o = 2rms?
Y Ol rms‘ e [+

when r, is peak-to-mean response and rms® = J Spw)  dw and
r? 0
_ o

plr > ) = | 2rms?

Thus the probability of exceeding a certain response over a limited pericd of time,
during which sea conditions are stationary, depends only on the rms response, l.e.,
on the response spectrum area and not on its shape.

When the variability of ocean wave spectra is considered, the problem of deter-
mining the response is more complicated than when only one wave spectrum is consid-

-57-




ered, but a prediction for longer periods of time, such as several hours or the
lifetime of the ship, is possible. It will be assumed that a representative random
sample of wave spectra is available, all falling within a relatively small band of
significant wave heights (hence spectral areas). For a particular ship speed, head-
ing and wave component direction;

( r

S;(w) do = | S (0) Y(w) dw
| sg
j R ) c

N N
=2 Sple) M = Y 5 @) Y) A
n=1 n=1
In this summation, Y{w,) has specifi values depending on Wn and relative wave di-
recti a anack Q_f.. \ s = R e

on. However, each S {w ) is a random function, assumed to be normally distrib-
uted, as illustrated in Fig. 27 for which the mean and standard deviation are known
for each value of W,. Hence, the mean and standard deviation of each product in the
sum is also known.

Assuming that the functions S (wn) for different values of W, are independent
or uncorrelated, then the mean and standard deviation of the rms values,
[Sz(w ) Awl’s, can be determined by standard statistical techniques, as shown below.

Theory for Approximating the Distribution of a Function of Random Variables

We wish to approximate the distribution of a function of random variables of

the form
x X eee X
g8 (Xp» Xp5 «v0 X))
where the Xy are N random variables with means i, and standard d

eviations, o .
n
If g is represented by its first-order Taylor series expansion,
3
8(X o Xyse e s X)) = (UM, ) :él {a—x: g(hpskyseeesn)Y {X = )

So g is now approximated by a linear combination of functions, for which the follow-

g relations are easily derived. First,

v

u = (n

"'g - g Pljuz’...,uN)
And if the Xn's are independent

)
6 = Z; { =— g, "
g n=1 dnh 1,...,uN) } o;
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Y(mn) ‘n

Sp(W,) = Se(® ) ¢ Y(W)

)

awy ot 7\

, N\

a ‘ A a
Ve SR8 (aREA)®
as a finite sum
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Application of the Theory

Now consider the function 35

N
/XS he = ]2_: S (0) Y(w) Aw
I |n=1 (’ i Ad ]

the SC@u } are W-random variables with mean and standard deviation u, and oy. The
mean of R 1s given by:

:E: L
Y(mn) w Aw ‘

k=1

Hp 7

The standard deviation of /E:ugi' assuming the Sc(un) are independent, is given by:

N
2 =3 11 2 2
g R [ 3 Y(wn) Am] Un

n=1 Uy
: f‘lj
S S 2 2
2 2
4 4 _ = Y (wn) Aw o

In actual practice it was found in this study that the assumption of indepen-
dence of spectral ordinates 1s not valid, and the correlation among them must be
taken iInto account. This point is further discussed in a later section of this
chapter on data format. Meanwhlle, an alternate approach was to make use of eight
representative spectra from each group and to compute the mean and standard devia-

tion of rms response based on eight rms response spectra obtained using these wave
spectra.

Either method can be extended to short-crested seas by considering the direc-
tional components of the sea and the corresponding response amplitude operators.
The final response spectrum can be obtained by integrating over wave direction.

2m

SR(m) = J Sg(w.w) Y{w,p) dy
v}

The integral that determines the statistical properties of the response can
then be obtained,

J Splw)dw = J I S_(w,¥) Y(w,y) d¥ duw
0 o o °

In practice this result is usually obtained by numerical summation rather than by
integration. It applies to a specific ship speed and relative heading angle,
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oo _ N M
J SR(uJ)dm = }: Z Sg(wn’lpm) Y(wn,lj)m) AV Aw

0 n=l m=1

If it is assumed that for e t of
contributions from all wave directions, as well as all frequencies, is normally dis-
tributed, then the mean and standard deviation can be calculated in the manner just

outlined. (Of course, this assumption might not be true in the case of spectra from
two storms superimposed, or a sea spectrum made up of sea and swell coming from dif-

ferent directions. )

n}-. knkndn ) 2

or each ship hea Tms Tt Aanco which is a result of

acn
ToOPUILOT,y Wililil 495 a LCToua

Certain responses, acceleration at the forward perpendicular, for example, are
strongly dependent on frequency of encounter and thus ship heading relative to the
waves. Wave bending moment, which depends on effective wave length, is also depend-
ent on heading angle. This means that for accurate predictions, reliable estimates
are required of the percentage of time spent at various headings of the ship rela-
tive to the waves. This information can be obtained by combining information on the
ship's course over its route with information on occurrence of various wave direc—
tions from a statistical source. It has been found by experience that the increment
in relative heading must not be larger than 15°.

Hence, finally, the whole procedure described above must be carried out for each
ship heading relative to the dominant wave direction. The final distribution of rms
response is a weighted sum (the contribution for each heading being weighted by the
expected percentage of time to be spent at that heading) of all the normal distribu-
tions resulting from the calculation for each ship heading; it may not necessarily
be a normal distribution. The final result applies to one ship speed and one band
of significant wave heights.

it is recognized that any calculated wave spectra is an estimate whose confi-
dence bounds depend on the length of the record and the spacing of data points. In
principle, therefore, it would be expected that the standard deviations of spectral
ordinates in a sample of wave spectra would include the effect of this sampling var-

Fald1d s
iabliiity.

If the above calculation is made for a number of different wave height groups,
the result can be presented in the form of a plot of mean rms and standard deviation
of rms response vs. wave height. (See Chapter VIII).

One procedure, Band (1966), Hoffman and Lewis (1969), Hoffman et al. (1972),
for making long-term predictions of wave bending moment (or other ship responses) is
to integrate the Rayleigh distributions using the above assumption with regard to
the distribution of rms values (Rayleigh parameters) for each wave height group.
Finally, these long-term distributions can be combined into a single distribution omn
the basis of the expected probability of each heading and wave height group.

It should be noted, however, that since the results of each individual wave
helght group are combined to yield the long-term trend, a consistent approach must
be adopted for each of these groups, i.e., number of spectra in the group used to
obtain the rms response, the method of calculation or statistical combination of the
data, etc.
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Details of Ship Response Prediction

Details will be given in this section of the procedure for the long-term pre
of wave spectra of different severi

diction of wave loads, assuming that famiiies t
are available.

194

It is assumed that a family of wave spectra has been defined; for each of ten
significant wave height groups, eight spectra have been chosen as representative,

Sg,n Where g = 1....10, n = 1....8. This family is used in making long-term predic-. -

tions. The procedure is given as follows:

1) Assume a spreading function, most often the cosine-squared function;

St s, £W)

where

elsewhere

h
o
"
|
NIE
A
<
| A
(ST
g‘
.
H
~~
<
N?
1
c

el 2 2 .
£() = - cos®

'
| f@) a = 1
0)

where y is the angle between a particular wave component and the dominant wave di-
rection,

2) Assume probabilities, P, of various ship headings relative to the dominant waves,

Xqs where ;gi P(Xy) = 1, based on details of ship's route and operation. Usually
seven headi
for 1

o leo
ouLLS

n

obability of occurrence of the 10 significant wave height ranges, P(g), .
1

. This distribution depends on ship route and operating seasons.

«

This information is currently obtained from summaries of large numbers of visual ob- .

servation such as Hogben and Lumb or NOAA Summaries of Synoptic Meteorological Ob-
servations. (See Chapter IX).

1

Y T EAY o 7.\ £ 7.0\ 1.4
L \w:Xi'W) o (w) I\y) ay aw l

resulting in 7 x 80 = 560 responses.
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6) For each of the ten wave height groups, g, find mean and standard deviation at
each of seven headings, Xg°

8

8 2

y [ RESP“(x., S
n=1 1

o

ug(xi) =

Wl

2
dé(xi) = ) - Mg (x4) 1

g,n

7) Assume at each heading in each wave height group, the rms response, RESP, is
normally distributed. 2
. [rms - u (xg) ]

1

P{rms) = . e

v2m Og(xi)2

- 2 gg(xi)z

Thus the probability of exceeding a pérticnlar value, ms , is given by,
P(rms > rmso) = J P{rms)} d rms

Tms
o]

8) For each ™ms, the peak-to-mean responses, r, are Rayleigh distributed.

- X
2r 2rms2
rms?

P(r } rms) =

where P(a | b) is read, "the probability of a for a given b."
The probability of r exceeding a part%cular value, L is given by

- <

e
- 2rms2
P{r > r, } ms) = e

Thus the total probability of exceeding r, for a given heading in a given group,
P(r > r, | 1,8)

is given by the product the probability of each rms value for that heading and group
times the probability of exceeding T, for that rms, summed over rms values. That
is,

ac

P(r > r ] i,g) = J P(r>r \ rms) P{rms l i,g) d rms
0 o )

which is the integral of a Rayleigh distribution times a normal distribution.



9) The total probability of r exceeding r, is given by,

10 7
P(r > rO) = Z Z Plg) P(Xi) Pr>r | i

g=1 i=1 o

o)
Ins

where P(g) is the probability of occurrence of each wave height group and P(yxy) is
probability of occurrence of each heading.

Wave Data Format

As has been explained in the previ ng used to
predict ship loads and motion are based on the probability of occurrence of a number
of wave height groups, and the mean and standard deviation, due to variation in

spectral shape, ship heading, etc. of rms ship response for each wave height group.

The required wave data format differs for the two methods.

The first approach, discussed in a previous section, was based on the use of a
mean value and standard deviation of the wave spectral ordinate at each frequency
for each wave height group. These values are obtained from measured spectra by the
following procedure. First the spectra are sorted into wave height groups. Then
for each group the values of the spectral ordinate are assumed to be normally dis-—
tributed at each frequency. The mean and unbiased estimation of standard deviation
of spectral ordinates are then computed. It can be seen that by using this method
any number of spectra can be included in each group, each contributing to the mean
and standard deviation of spectral ordinates at each frequency. The mean and stand-
ard deviation of response spectral ordinates can then be computed.

It was previously explained that the assumption of independence of the spectral
ordinates was not valid. This means that the effect of the dependence must be in-
cluded. Thus the correlation coefficients must be computed and their effect includ-

ed in the method for predicting rms response variation. This is feasible, but it is
complicated, and this approach has not yet been developed and applied.

The other method, multiplying a number of spectra from each group by the re-
sponse operators, and then using the rms response values thus obtained to determine
the mean and standard deviation of rms responmse, was adopted here, as described in
the preceding section. The number of spectra in the highest groups was limited to
eight by the number available. In the lower wave height groups, the number of spec~
tra was limited to eight in order to maintain consistency of the short-term trends
and to limit computer time needed to make the response predictions. In groups where
more than eight spectra were available, the eight were chosen using a Monte Carlo
technique designed to match as closely as possible four parameters, the Hy , 3, T1 and
¢ {the broadness factor, see Chapter V), of the average spectrum of the whéle avail-
able sample with the Hy/3, T1 and £ of the average of eight selected spectra. Fur-
thermore, the standard deviation of Hy/3 of the whole available sample was matched
with the standard deviation of H;/3 of the group of eight.
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A typical example showing the characteristics of the total number of available
spectra and the selected eight is shown in Tables 5 and 6, The tables show ex-
cellent agreement for Station "India." Hence, the Monte Carlo selection procedure
seems reasonable, and it was adopted instead of a purely random choice.

Such families of wave spectra have been developed at Webb Institute of Naval
Architecture from available wave records obtained at Stations '"India", Hoffman
1972), and "Kilo", Hoffman (1975), in the North Atlantic and Station "Papa" in the
North Pacific, Hoffman (1974). The differences are not great among these families,
but the one that is believed to have the best statistical basis because of the
method of selection and to be generally the most useful for ship design purposes is
the Station "India" family., Figs. 28 to 37 show the eight spectra in each of the
ten wave height groups in this family. Also shown in Figs. 38 to 47 are the means
and standard deviations of spectral ordinates for each of the ten wave height groups.,

~~

(Text continues on Page 77)
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Table Vv
Average Characteristics of Wave Spectra
from both "Pgpa" and "India"
Whole Sample

PAPA INDIA
Wave Ht.
Band |}No. of P1/3 11 No. of Di/3 T
Group Width Recs. ft. sec. £ —_ 91 Recs. ft. sec. € __0
1 <3 14 2.44  6.42 .614 .52 12 2.36 7.06 .568 .75
2 3-6 31 4.70 6.95 .629 .52 39 4,91 7.41 .5%0 .70
3 6-9 42 7.60 7.24 .629 .73 43 7.36 8.15 .626 .65
4 9-12 55 10.64  7.69 .662 .63 43 10.63 8.25 .638 .60
5 12-16 87 14.18 8.24 .685 .58 40 13.97 8.86 677 .55
6 16-21 103 18.43 8.70 .701 .52 28 17.97 8.73 .673 .55
7 21-27 65 23.35 9.11 .715 .52 25  24.08 9.45 .708 .50
8 27-34 40 30.82 10.11 .733 .47 5 30.20 9,87 37 .45
9 34-42 12 37.93 10.53 .769 .42 8 37.22 11.21 .764 .40
10 >h2 _5 43.59 10.88 .775 .42 8 47.69 11.49 .784 .40
454 251
Table VI
Average Characteristics
of Wave Spectra
from "India"
Samples of Eight Spectra
Wave Ht.
Band No. of B3 T .
Group Width Recs. ft. sec. £ o}
i <3 8 2.40 7.06 .571 .75
2 3-6 8 4.90 7.48 .591 +75
3 6-9 8 7.34 8.35 .628 .65
4 9-12 8 10.51 8.34 . 640 .55
5 12-16 8 13.90 8.93 .674 .55
6 16-21 8 17.82 8.78 .675 .55
7 21-27 8 23.34 8.85 704 <50
8 27-34 8 28.89 9.98 .722 45
9 34~42 8 37.05 11.34 . 760 .40
10 »42 8 47.47 11.64 .782 .40
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Group 9, 34-42 ft. Station 'India’
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Figure 39 - Mean and Standard Deviation -- Spectral
Height Family Group 2, 3-6 ft.
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Figure 40 -~ Mean and Standard Deviation =-- Spectral

Height Family Group 3, 6-9 ft.
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Figure 41 - Mean and Standard Deviation -~ Spectral

Height Family Group 4, 9-12 ft.
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Figure 42 - Mean and Standard Deviation —- Spectral

Height Family Group 5, 12-16 ft.
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Figure 43 - Mean and Standard Deviation -- Spectral
Height Family CGroup 6, 16-2] ft.
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Figure 44 - Mean and Standard Deviation -- Spectral

Height Family Group 7, 21-27 ft.
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Figure 45 - Mean and Standard Deviation —- Spectral

Height Family Group 8, 27-34 ft.
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Figure 46 - Mean and Standard Deviation -- Spectral
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VIII. EFFECT OF VARIATION IN WAVE DATA FORMAT ON LOAD PREDICTIONS
Comparative Calculations

y variations
wave data which are of concern are those which affect his predictions of

ship motions and loads. It follows that those variations in wave data which

[wn

n

ai

From the point of view of the naval architect, the only

have the greatest effect on the accuracy of his predictions are of greatest
concern. The following discussion will indicate the effect of a number of
variations in wave data format on load predictions, using as examples ver-
tical bending moment for the 496-foot general cargo carrier Wolverine State,

the 880-foot SL-7 high-speed container ship, the 1082~foot tanker Universe

Ireland, and the design for a 1300-foot 600 »000-ton VLCC (based on theortically
derived RAOs),

As previ nnq'lv noted., th

a £
Ao VIO HBULCT Uy il L

minatio e adequacy of specific wave
data for ship response calculations is a function not only of the wave para-
meters but also of the wave spectral shape characteristics., Hence, the
availability of wave data, such as the height and period values and their
frequency of occurrence for certaln locations as a functlon of the season or
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in the form of spec b £
tion given as the response to unit wave hei ght as a function equency
Ideally, as previously discussed, measured spectra for the spec1f1c area of

interest are preferred, However, the limited availability of such wave data
has led to the substitution of mathematical formulations for the actual spectra.
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The usual input parameters required to generate a theoretical spectrum include
wave height and period; though other additional parameters such as fetch, or
the spectral peak frequency, have been shown to define a more realistic

Fig. 48 illustrates seven spectra, all having roughly the same period
and height parameters, plotted in a non~dimensional form. Also shown are
the mean line and the equivalent two-parameter ideal spectrum corresponding

to the mean height and period of the seven records. When plotted non-

dimensionally in this way, the theoretical spectrum is represented by a single
line for all choices of H 1/3 and Tl’ thus eliminating variations in the spectra

resulting from small differences in H 1/3 and Tl‘ Hence, the difference be-
tween each of the seven spectral shapes and the singie mean theoretical
spectrum represents actual variations in shape,

The large scatter of measured spectra about the mean over the entire
uency range is of great significance and would naturally lead to scatter
h response spectra as well as in the rms values. Even though the mean
t different f he mean the oreti al line, this

e 1 he theoretical spectrum

Hhon b
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re
th re

to represent sea conditions of this severi

One approach commonly used to obtain short and long-term response pre-
dictions when measured spectra are not available is to obtain some indication
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Fig. 48 - Comparison of Spectral Shape Variation.
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of scatter by means of the distribution of the various period groups within
the bounds of each wave height groups using a mathematical formulation to

< s cOome meagiire PR, atla +p +ala fbn
'vv'hll% this method yields some measure of buattcz, it fails to take into
account the variation in spectral shapes discussed above, This would naturally

r_v =11ap

1
result in a lower predicted long-term extreme value, due to the smaller
standard deviation in RMS response. Further doubt is cast on this method
by the extreme uncertainty in the observed period information, Of the three
rameters, height, period and direction, period is by

Finally, we may consider the approach described in the preceding
chapter-- the use of a random sample of wave spectra classified by area or
significant height. In this chapter the use of various formulations will
n ethod. To summarize, the fol-

~L - ~d L. al =
obtained by this
.

ITIC one-parameter spectrum, in which wave height is

.
the only parameter,

ISSC two-parameter spectrum, in which both significant
height and average period are included.

Families
"H-Family" original Webb random sample., Lewis (1967)
Station "India" new Webb samples from the
Station ¥Kilo" North Atlantic, Hoffman (1972, 1975)
Station "Papa" New Webb sample from N, Pacific, Hoffmann (1

The effect on short-term bending moment predictions of using a number
of data sources is shown in Figs. 49 through 51. See also Hoffman (1975a)

PR

and Hoffman (i975b)

L]
e e
rms bending monent as a

spectral families were ¢ e
various sources by significant wave height (H,,,) and then choosing
(usually eight) to represent each wave height fange, as outlined in the pre-

vious chapter. It may be seen from the figures there are significant dif-

ferences in the case of the small Wolverine State, less differences in the
SL-7, and relatively small differences in the case of the large tanker,

Universe Ireland.

In order to evaluate the effect of these different sources of wave data
on long-term predictions Figs. 52 through 54 compare the long-term predictions
based on the means and standards deviations discussed above. The wave height
distributions used in these calculations are given in Table 7. It can be seen
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that there are significant differences in the results, because of the variations
in both mean rms response and standard deviation. Since the caleculation
based on actual wave spectral families is believed to be more accurate than

i

use of the theoretical formulations, it is concluded that in most cases the
ISSC formula overestimates the trend and therefore is not satisfactory for
general use. On the other hand, the ITTIC one-parameter formulation under-
estimates the trend and should be discarded.

As for the wave family results; the "India" family is be 0
the most complete and reliable especially for a wide range of ship types and
sizes. Furthermore, results are in all cases in close agreement with simpler
amlly results, The "Papa" results differ, perhaps because of an

t wave height groups, as well because of pos-
o

o A s

ISSC, ITTC, 'Papa' and '"India' Families

Range (ft) % Cum,
0-3 8.75 91.25
3- 6 23.75 67.50
6- 9 30.70 36.80
9-12 20.35 16.45

12-16 6.90 9.55

16-21 4.95 4.60

21-27 2.69 2.00

27-34 1.70 0.30

34-42 0.25 0.05

>42 0.05

H-Family

Range (ft) % Cum,
5-15 84,54 15.46

15-25 13.30 2.16

25-35 2,01 0.15

35-45 0.14 0.01
>45 0.01

Probability of Occurrence of Various Wave Heights

The previous predictions of long-term responses utilized an assumed
probability of occurrence of wave height, usually expressed in groups covering



various ranges, as well as the rms response distribution for each of these
wave height groups. Thus, in evaluating the reliability of long-term pre-
dictions the accuracy of the wave height distribution, as well as the ac-

rms response and its scatter in each wave height group, must

In the previous section, where the effect of spectral shape was ex-
plored, the distribution of wave heights was taken to be -- as nearly as
possible —- the same. However, as might be expected the long~term prediction,
i.e., the Value to be exceeded once in say 10° cycles, is quite sensitive to

my e . |

the probability of occurrence of the highest few wave groups. This is due
to the fact that, in spite of their small probability of occurrence, the

magnitude of response when these wave height ranges do occur, is expected
to be quite high.

Table 8 shows several different wave height distributions for the
North Atlantic. The column labeled "Hogben & Lumb" was obtained by combining
the results in Hogben (1967) of areas 2, 6, 7 (the areas covering the ncrtu
Atlantic) weighing 2 twice and 6 and 7 once each. The column labeled "H Walden"

was derived using data on the probability of occurrence of various wave heights
at weather ships in the North Atlantic given in Walden (1964). In the dis-
tribution labeled "H. Walden modified” the percentage occurrence of the high-

1.

v
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itarily increased to simulate possible extremely severe

The following Table 9 shows the effect of the different wave height
distributions on calculated long-term vertical bending moments for three
ships. It may be seen that the small differences above 21 feet between the

two H. Walden distributions has a significant effect on response. The results
from Hogben and Lumb data are somewhat lower, possibly because the ships on
board which observations were obtained tended to avoid heavy seas whenever
possible,
Table VIIT
North Atlantic Wave Height Distributions
H1/3 H., Walden
(modified) H, Walden Hogben & Lumb

Range (ft) % Cumm, % Cumm, Z Cumm,

0- 3 8.75 91.25 8.75 91.25 11.210 88.79

3-6 23.75 67.50 23.75 67.50 36.524 52.27

6- 9 30.70 36.80 30.70 36.80 25.916 26.35

9-12 20.35 16.45 20,35 16,45 13,690 12,66
12-16 6.90 9.55 6.90 9,55 7.544 5.12
16-21 4.95 4,60 4,95 4,60 2.232 2.88
21-27 2,69 2,00 3.350 1.25 2,126 0.076
27-34 i.70 0.30 1.060 0.190 0.743 0.015
34=42 0.25 0.05 0.168 06.022 0.0121 0.0029
>42 0.05% 0,022 0.0029

* Percentages for highest groups were changed



Table IX

Long-Term Vertical Bending Moment Predictions for Various North Atlantic Wave
Height Distributions
Values expected to be exceeded once in 10 cycles, ft -tomns

H. Walden Hogben

) {(modified) H. Waiden and Lumb
Wolverine State 496 ft., 5 5 5
16-knot, light load 1.882 x 10 1.846 x 10 1.770 x 10
SL-7 880.5 ft.,
.« - 1 N . 4 - a Ll A 11\5 1 A N - 1n5 1 ANl 1!\6
i5-knot, full ioad i.542 x i0 1.475 x 10 1.3034 x 10

Universe Ireland 1082.7 ft., 6 6 6
l4—-knot, full load 4,043 x 10 3.872 x 10 3.4210 x 10

{
Another set of wave height distributions, developed by Hoffman from

Hogben and Lumb (1967) data for eight different world shipping routes, is
summarized in Table 10 in cumulative form. It may be seen that No. 1 "Most
Severe North Atlantic," is the same as "H. Walden modified" in Table 8.
Calculated long-term bending moments for a 600,000-dwt VLCC design are
given in Table 11 for all of the above routes. It may be seen that a wide
variation in wave height distributions produces considerable variation in

long-term respomnse.,

Thus it can be seen that for accurate long~-term predictions reliable
values for probability ofjoccurrence of the various wave height groups
are necessary. If the 10  value is required, the highest three wave groups
seem to be of greatest importance,
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Route No. 1 2 3 4 5 6
Mean H1/3(ft)
2 100.00 100.00 100.00 100.00 100.00 100.00
4 21,25 86.37 88.75 77.62 82.26 82.72
8 67.50 68.17 71.14 35.12 56.62 57.60
i0 36.80 35.41 36.01 13.07 19.03 19.96
15 16.45 17.51 17.18 2.83 6.46 6.82
20 9.55 4,88 4.55 1.41 1.07 1.13
25 4,60 2.70 2,56 0.80 0.42 0.48
30 2.00 1,07 0.97 0.43 .12 0.15
35 0.30 0.35 0.31 0.17 0.03 0.04
50 0.05 0.02 0.01 0.02 0.01 0.01
1. Most severe North Atlantic
2. North Atlantic (Northern Europe)
3. North Atlantic (Southern Europe)
4. Europe -- Persian Gulf via South Africa
5. North Pacific
6. Europe —- Persian Gulf via Suez Canal
7. Persian Gulf -- USA
8. Europe ——- USA West Coast

XI

Table X

~J
oo

74.56 79,
29.16  54.38
9.32 20.50
3.03 8.81
0.51 2.14
0.18 1.10
0.09 G.40
0.04 0.13
0.01 0.01

Long-term Vertical Bending Moment Predictions for
Wave Height Distributions

Jaaa1 3 _TT2 2
Different World-Wide

600.000 dwt

Value expected to be exceeded once in 10
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Speed 30.06 ft/sec., 17.8 knots
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Vertical
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Directional Information

A third factor in addition to spectral shape and probability of
occurrence of wave heights which affects ship motions and load predictiomns
is the probability distribution of relative angles between ship heading

and wave directions. As refinement in the incorporation of variation in
spectral shape takes place and more accurate information on the probability
of occurrence of wave height groups becomes available, more attention must

PPy

a
bending moment, are not quite as sensitive.

S

be given to diréctional information. Certain responses such as acceleration
t the F P, are very sensitive tg heading angle. Others, such as vertical
d

The following figures illustrate the magnitude of the contributions
various heading angles and wave helght groups to the total probabllity

et nae T aaa oo o 1 . =1 1 - 1

ing parcicdusar accc:.l.efau.uu and vertical Denalng moment vaiues
T s. A

squared spreadlng functlon has been used. In ig. 55, the total volume of
the solid is the probability that the amplitude of the acceleration at the
forward perpendicular will exceed 58.2 ft/sec”., If the ayerage period is
approximately il seconds, the acceleration of 58.2 tt/sec‘ will be expected

te cccur once in 20 years, the approximate lifetime of a ship. It can be
seen that the largest contribution comes from head seas in the largest wave
height group. This occurs because K even though the probability of occurrence
of thenlower wave height groups is larger, the probability of exceeding 58.2
ft/sec“ is extremely remote for those groups.

Fig. 56 shows a similar plot, in this cage for the probability of
acceleration at the F.P. exceeding 29.4 ft/sec Here the largest contri-
bution comes from the eighth wave height group. This happens because the
large probability of exceeding the stated value in the large wave height
group is outweighed by the larger probability of occurrence of the eighth
wave height group.

Fig. 57 shows the probability of the amplitude of the vertical bending
moment exceeding 9.6 x 104 ft.-toms. Again it can be noted that the largest
contribution does not come from the highest wave height group.

Tl
411

ese figures show the trends in importance various heading and wave
height groups relative to predicted ship responses. These plots alsc show
the importance of the role played by the largest wave height groups. The

lower wave height groups make no contribution to the maximum value expected

in the lifetime of the ship. The large variation in the contributions of
different heading angles indicates the need for reliable ship heading and
wave direction information,

It should be noted that the method used in the treatment of heading
angle here and outlined in Chapter VII is different from that used in Lewis
(1967) and as derived in the appendix by Karst to Hoffman (1972a). Previously,
it was assumed that the rms response was normaily distributed in each wave
height group, involving all headings, Now the more accurate assumption is

made that the rms response is only normally distributed at each heading, with
the result that the actual distribution of all rms values obtained by combining
all headings is not normal.
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IX. WAVE DATA FOR USE IN DESIGN

The Ideal Data Base

It is concluded from the discussion in the preceeding chapters that
the ideal wave data base would be an infinitely large sample of directional
sea spectra, covering all seasons and all ocean areas traversed by ships.
Since such a data base is not available now nor is it likely to be in a
satisfactory form in the foreseeable future, the question of how to analyze
and classify such a mass of information for practical use has not yet been
addressed. No doubt the problem can be solved by studying statistically

the variability of wave enmergy by direction as well as by frequency. (S

8 in Chapter II).

The nearest feasible approach to the above ideal data base appears to
be the use of wave forecasting and hindcasting techniques, as described
earliier in this report {Chapter VI). The distinction between forecasting and
hindcasting is simply that the former involves predictions of waves from wind
forecasts while the latter includes data from actually observed winds. When
the routine operation of such a system has been adequately checked and verified,
then a data base for one or more years can be constructed for any number of
points in the North Atlantic and North Pacific. Although the system of FNWC
(based in Monterey, California) appears very promising for this purpose,
the creation and verification of such a comprehensive climatology is still
some distance in the future. Serious thoughts should, however, be given to
the format of this climatological data and its application to design so as

to facilitate its use as soon as it becomes available.

\

Present Data

Meanwhile, we are left with a large amount of observational wave statis-
tics and a limited quatity of point spectra calculated from wave measurements
at specific ocean locations. A commonly used method of applying this information
to wave load problems is to construct wave spectra from observed wave data
by means of idealized spectrum formulations in which the variables are based
on the observed characteristics, such as wave height and characteristic period.
This method, as shown here (in Chapter VIII) and in other referenced work,
is not felt to be entirely satisfactory since it does not give sufficient
weight to the effects of spectrum variability and seems to overestimate the
predicted responses even where the input parameters, i.e.,, the wave height and
period, are based on actual measurement,

The appmachrecommended here (as described in Chapter VIII) is to
make use of families of qnpr-fra clageifiead 'h\r gionificant haioht in condimetrian

______ = e L= N e - I F R CADHAL LAVGlIiE LMUARLE Al VWil WAL WAV

with observed data on the distribution of significant heights (i.e., making

no use of observed periods). The spectral shape variation is taken account of
by either of two methods:

[
e
[

Use at least eight spectra for each wave height category.
b) Use the mean spectrum and standard deviation of ordinates
for each wave height category.
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A standard cosine-squared spreading function would be applied to take
account approximately of short-crestedness, and unless information to the
contrary is available equal probability of all headings would be assumed.

Ocammd mmem m mmmmciimdmmd Lmee Lee ool bt awe DANA £ace 2lin mmamsrdocion wacanAanahT o

opeea camn be accounted for by selecting RAOs for the XiMiull reasonaoie
agpeed to guit each wave height category, No sgspecific allowance need be made
speed to sult each wave helght category, speclilic aliowance need b

e No

for the possible effect of more than one storm -- or sea and swell -- com-
bined, other than the “aclusion of such conditions in the statistical sample
of wave spectra used.

L conan® & L . N A . oo Lo 3 L

TL
can in many
possible -- as between full load and ballast conditions of mammoth tankers --
completely separate calculations should be made for these two conditions of

loading. See Lewis, et, al. (1973).
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As indicated in Chaptef III, the recommended sources of observational
data for determining the wave height distribution are as follows:
Hogben and Lumb (1967) for the North and Central Atlantic

Indian Ocean, and South Pacific.
Yamanouchi and Ogawa (1970) for the North Pacific.
U.S. Navy, Summaries of Synoptic Meteorological Observations

£ _

for regions which they cover (see Appendix B).

The recommended wave spectral families are those derived by
from Station 'India' records, as given in Chapter VIII in the two forms
a) Eight representative spectra for each group.

b) A mean spectrum and standard deviations for each group.

The Future

The previous chapters have indicated the continuing need for more
data in order, for example, to stratify spectra further, to improve statistics

of wave height occurrence and to evaluate hindcasts and forecasts. A number

af nradecte that will haln €::1€411 +haca nacndc PRSI ArE I T TR SO [ S

Vi paPjeiid Giiar Wiiaa OC.P fUaiius UESe iieedas, sOme sctiii 1Ml tne pianning

stage and some already operational on an experimental basis, are discussed below.

Satellites. The GEOS~3 satellite now in operation has on board a radar
altimeter. This instrument is being used, experimentally at present, to
measure slgnlrlcant wave heights Reliable measurements have been made of sig-

£ m ing shape

tcrm seas

¥
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When the GEOS-3 system becomes fully operational and starts collecting
ata routinﬁly the potential volume of information is almost overwhelming.
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sion these data will be in directly computer—compatible form d their management
should be straightforward.
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SEASAT-A is scheduled for launch in 1978, This satellite will include
a radar altimeter similar to that on GEOS-3 that will be able to provide
data on significant wave height. It had been hoped that the synthetic

aperture radar to be included on this satellite would provide a system for

imaging waves, thus allowing the estimation of wave spectra. There is
some question now as to whether it will be possible to obtain wave images,
and hence spectral estimates; from spacecraft. The task does not appear to
be hopeless and investigations in this area are continuing.

A system to provide accurate wind speed measurements is to be included

on SEASAT-A., These wind speed measurements, which will cover all oceans,
hm sz L amman £ man TNILIN

7ill be used as ath

Since the ent 1 he FNWC wave predictlons i
of the wind fields. the more accurate wind data -- combined with the more ac-
curate adjustment of the empirical factors in the model based on the significant
wave height measurements -- should greatly improve the accuracy of the FNWC

predictions.

1 [

inputs for the FRWC we
+

rrer it illpy ~AalLd aid

Data from Platforms
The oil companies, in connection with their interest in exploring the
possibilities of oil production off the U.S. East and West Coasts and British

Isles, will be collecting large amounts of environmental data including infor-
mation on waves., Unfortunately, as has been the case with large amounts of
data collected by the oil companies in the North Sea, Gulf of Mexico and near

Alaska, most of this information will be considered proprietary and will not

be immediately available, If this information were made available to FNWC,
whose predictions the 0il companies use routinely, and to interested scientists,
the accuracy of their predictions would undoubtedly increase, Furthermore,

some of the areas covered are near shipping lanes and would be of comsiderabie
value, especially because of the effect of shoaling water and wave steepness.
Data Buoys

As noted in Chapter IV the NOAA Data Buoy Office (NDBO) has deployed

a .number of 40-foot discus buoys for the collection of environmental data.
The information collected includes wind speed and the vertical compoment
of buoy acceleration from which spectra are computed. Figs. 58 and 59 show

the current and plannediiocagion of these buoys.

NDBO has over the years deployed several different measurement systems
These included
nce a
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do provide year round information for specific areas. Their spectra can
be used for checking and verifying the output of the FNWC hindcast model

and other large-scale data collection systems. Furthermore, if additional
funding were made available buoys could be deployed in locations where ad-
ditional data are particularly needed —- as off the coast of South Africa.
(See Appendix L).
no
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APPENDIX A

INDEX OF PUNCHED CARDS
CARRYING WIND AND WAVE DATA
AVAILABLE FROM VARIOUS SOURCES
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TABLE I (Cont'd.) - Index of Punched Card Decks Carrying Wave and Wind Data

Deck Nos, Waves Wind
Country and or Approximate | Areas Years Intervala No. of Intervals Temp.
Helding Agent Series No. |{No. of Carda | Covered Ceovered | Elements ar Cede Groups | Elementa | or Code Air/Sea Remarks
UNITED KINGDOM | 7, 9, I3 3.973. 000 All Since Height i Metren z Speed Knots Yes Wave héight 0-9
and 23 Period Z Seconds scaie before 1948.
Metcorological 1945 Direction 10° Direction 10° Wave direction 32 points
Oftice before 1953, Wind
Speed-Beaulort and
Bracknell Wind direction 32 points
before 1956,
B""é'h'f; 6,10, 14 279. 000 Ocean Since Height 1 Metres 2 Speed Knota Yes Wave height 0-9
{Contrd. ) 18 and 24 Weather Period 2 Seconds N scale belore 1948 )
Ships 1947 Direction 10° Direction 10 Wave direction 32 points
North before 1953, Wind
Atlantic Spceed-Deaufort and
Wind direction 32 points
Lelore Y%,
8, 1% 144, 500 Lightuhips 1949 Height 1 Metrea F4 Speed Knola Yes Waves [rorm 1950
and 22 : 10 Period 2 Secgndw o vnwards, Wind speed
1961 Direction 10 Direction 10 Beaufurt and Wind
direction 32 points
belore 1956
Ship Division 42 000 All 1953 Height 1 Metres 1 None Nane No Statistical Summary
NPL 10 Period Z Secands Cards [1].
1961 Direction n
Feltham 4.000 | Darents Sea 1962 | Meight 2 Feet [ Speed Beaufort No From Trawlers
Middlesex Davia Strait ta Poriod 1 Secand ° {Itvierence & ), Wave
Grecnland 1965 Dirvcrion k1D Dircction 30 lengih also given,
Sea
U5 A, Deck 116 &, GB6. 000 Al 1949 Height i Metres 1 Speed Knots Yea
to Periad 2 Seconds o
National 1963 Direction 1o® Direction [ 10
Weather Records
Deck 128 167. 000 Al Since Height 1 Metres 2 Speed Knots Air/Sea
Centre 1963 Period F3 b‘ucgnds ° temperatures not after
K Direction 10 Direction 10 1st Jan. 1965.
Asheville .
W. Carolina




APPENDIX B

U.S. NAVAL WEATHER SERVICE COMMAND

SUMMARY OF
SYNOPTIC METEOROLOGICAL OBSERVATIONS




CHINESE-PHILIPPINE COASTAL MARINE ARFAS

VOLUME AREA NAME CENTRAIL LOCATION NTIS NO.

1 1 Gulf of Chihld 38.8°N 120.3°E AD 758 372
2 Tsingtao 36.3°N 122.2°E
3 Yellow Sea S.W, 33.6°N 121.8°E
4 Shanghai 30.5°N 122.8°F

2 5 Wenchow 27.3°N 122.3°% AD 760 333
6 Taiwan E. 23.2°N 122,7°F
7 Taiwan W, 23.4°N 119.4°FE
8 Swatow 22.2°N 116.8°E

3 9 Hong Kong 20.5°N 112.8°E AD 762 423
10 Luzon N.E. 18.8°N 123.3°E
11 Luzon N.W. 18.5°N 117.9°e
12 Hainan S.E. 17.1°N 112.6°E

4 13 Luzon S.E. 13.5°N 123.8°E AD 762 424
14 Manila Bay 12.4°N 119,.7°E
15 West York Island 12.5°N 114.0°E
16 Mindanao E, 9.0°N 127.0°E

5 17 Mindanao W, 7.5°N 122.0°E AP 762 425
18 Balabac Strait 7.7°% 117.5°E
19 Brunei N.W. 7.5°N 112,5°E
20 Saigon 300 S.E. 6.8°N 108.6°F



VOLUME AREA

10

11

oun e~ w N

o a3~

10
11
12

13
14
15

16
17

18
E 8=

19
20

21

22
23
24
25
27
28

k11
32
33

NAME

Kushiro
Tomakomai
Sendai

Tokyo
Hachijo Jima

Naosnuva
&!-va =

Nobeoka
Yaku Shima
Amami O Shima

Okinawa

Sakishima Islands
Southern Eazst China

Sea

Central East China

Sea

Northern East China

Sea
Nagasaki

Sasebo
Inland Sea

Madauwa
T W DU

Niigata
Akita
Hakodate

Central Sea of
Japan .

Southern Sea of
Japan

Wonsan

Kangnung
Pusan
Cheju Island

Southern Yellow
Sea

Inch'on

anna Ba?

A A

Bonin Islands
Volcano Islands
Marcus Island

CENTRAL' LOCATION

42.6°N
41.8°N
39.5°N

35.5°N

32.0°N
11 8°N

waf AT

30.0°N
28.0°N

26.0°N

25.0°N
27.7°N

30.0°N

32.0°N

32.0°N

33.9°N

34.2°N
14 . 1°%w

N A AV

38.0°N
40.0°N
42,68
39.9°N
38.0°%
40.0°N
38.1°N

35.7°N
34.1°N

34.0°N

36.5°N
38.9°N

A X g

24 5°%
24.0°N

B-2

JAPANESE AND KOREAN COASTAL MARINE AREAS

129.4°F

129.8°e
133.2°E

191 _1°%

dand ol O b

137.5°E
138.0°E
139.4°E

133.7°E
133.5°E
129.8°E
129.8°E
130.0°E
127.4°E
124,5°E

125.3°E
121.6°F

i W

142.5°E
141.5°E
153.5°E

NTIS NO.

AD 757 107

AD 754 773

AD 753 468

AD 753 216

AD 743 488

AD 743 944

AD 742 797

AD 733-997

AD 732 758

AD 730 958

AD 730 958



VOLUME AREA

~
00~ 0 N =

SOUTHWEST ASIAN COASTAL MARINE AREAS

NAME

Akyab

Calecutrta

i S Tl

Vishakhapatnam
Masyplipatam

Madras

N.E. Ceylon
S.E. Ceylon
W. Ceylon

Cape Comorin
Mangalore
Panjim
Bombay

Gulf of Cambay
N.E. Arabian Sea
N.W. Arabian Sea
S.E. Oman

Karachi
Sonmiani

Gwadar

N. Gulf of Oman

§. Gulf of Oman

S.E. Persian Gulf
N.E. Persian Gulf
N.W. Persian Gulf

CENTRAIL LOCATION

19.8°N
19 .8°N

18.3°N
15.7°8

11.9°N
8.8°N
5.8°%
8.0°N

.7.9°N
11.3°N
14.4°N
17.4°N

20.3°N
20.5°N

91.8°E
28 .5°R

U o s

85.3°E
B2.3°E

81.4°E
81.9°E
81.2°E
79.5°E

77.4°E
74 .4°E
72.7°E
71.6°E

NTIS NO.

AD 733 692

AD 736 449

AD 735 441

AD 734 693

AD 733 693

AD 737 909




HAWATITAN AND SELECTED NORTH PACIFIC

VOLUME

1

VOLUME

AREA

E o

~ O L0

10

11
12
13

14
15
16
17

SN

th

10
11

12
14

NAME

Hawailan Windward

Hawailan Leeward

Barking Sands

French Frigate
Shoals

Johnston Island
Midway Island
Wake Island

Majuro
Kwajalein
Eniwetok

Ponape
Truk
Pagan

Saipan
Guam
Yap
Koror

CENTRAL

20.9°N
20.3°N
22,7°N
23.6°N

ol e
O~y
8 o b
[-]
]

oo
0 © 2
===

g

[}

a
R

[
.

Vi1 W
[-]

D L b ~ =3 o

-

|l
[

\DG\OOCD

LOCATION

156.0°W
158.2°W
160.3°w
166.5°W

169.3°w
177.2°W
166.4°E

171.4°E
167.7°E
162.1°E

158.6°E
151.1°E
145.2°E

145.4°E
144.7°E
139,1°E
134.4°E

SOUTHEAST ASIAN COASTAL MARINE AREAS

NAME

Tonkin Gulf
Da Nang
Nha Trang
Saigon

Southeast Gulf of
Siam

North Gulf of Siam

Southwest Gulf of
Siam

Kuala Trengganu
Endau

South Malacca Strait
North Malacca Strait

Victeria Point
Rangoon
Pagoda Point

CENTRAL LOCATION

ISLAND COASTAL MARINE AREAS

NTIS NO.

AD 723 798

AD 725 137

AD 725 138

AD 726 740

AD 727 900

NTIS NO.

AD 747 638

AD 749 936

AD 749 937

AD 750 159




VOLUME AREA
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WESTERN EUROPEAN COASTAL MARINE AREAS

NAME

Lisbon

Avodrsa
BhY Yo dud W

Porto
La Coruna
Gijon
Bordeaux

Nantes
Plymouth
English Channel
Dover Strait

Bristol Channel

Irisgh Sea

Cork

§.W. Irish Coast
W. Irish Coast
Scottish Sea
Outer Hebrides

Shetland Is. N.W.
Orkney Islands
Edinburgh
Grimsby

Nhdoan Thaet e

NllilE UCLLd
Bremerhaven

Esbjerg

Dogger Banks
North Sea
Shetland Is. 5.E.
Stavanger

Bergen
Al nﬂund

A e ot B R

Olso
Copenhagen
Bornholm Is.
Gulf of Danzig
Stockholm
Gulf of Riga

=]

CENTRAL LOCATION

38.0°N

LD DN

Fvawv v

42.0°%
44 .0°N
44,2°N
44.8°N
46.8°%
49.1°N%
49.7°N
50.4°N
51.1°N

53.7°N
50.8°N

[
wn

B b e e

10.7°W

10 A°%W

ES "

10.5°W
3.7°W
5.8°W
2.8°w

3.6%W

5.5°%
2.8°W

2
il
‘

. = ¥ a2
Ok 0w

o & o
(R WO S o >

~J W
[

(Jm\-l.!\:h)hg:.ﬂ
09t

N WOy
-

oW
a a
-]

= 00w WD
L3

h:b-muﬂlutb

[ e B Bl M e e |

NTIS NO.

AD 773 141

AD 773 59.

AD 775 177

AD 775 435

AD 776 396

AD 777 049



WESTERN EUROPEAN COASTAL MARINE AREAS (Continued)

VOLUME AREA NAME CENTRAL LOCATION NTIS NO.
7 37 Gulf of Finland 60.0°N 25.5°E AD 777 133
ag Gulf of Bothnia S. 61.0°N 18.4°E
39 Gulf of Bothnia N. 63.9°N 21.8°E
40 Murmansk 70.3°N  32.9°F
41 Andenes 70.2°N  17.4°E
42 Central Norwegilan 66.0°N 10.0°E
Coast
43 0SV Mike 66.0°N 2.0°E
8 44 Iceland S.E. 63.8°N 14.6°W AD 777 601
45 Reykjavik 64,0°N  24.1°W
46 Iceland N.W, 66.2°N 25.1°W
47 Iceland N. 66.6°N 18.8°W
48 Iceland N.E. 66.3°N 13.4°W
49 Angmagssalik 64.9°N  37.5°W
50 Cape Farewell S§.E, 58.0°N 38.5°W




VOLUME AREA

~N
~ O B W b b

‘MEDITERRANEAN MARTNE AREAS

NAME

Rota
Tangier
Mslaga

Qran

Cartagena
Barcelona
Marseille

N. Menorca
Malliorca
Algiers
Corsica

Sardinia

Annaba

Rome

S$. Tyrrhenian Sea

S.W. Sicily
Tripoli

N. Adriatic Sea
8. Adriatic Sea

W. Ionian Sea
Malta

Gulf of Sidra
E. Icnian Sea

N. Aegean Sea
S. Aegean Sea
Crete
Benghazi

Basin
Alexandria

N. Cyprus

S. Cyprus
Nile Delta
Beirut
Port Said

CENTRAL LOCATION

36.4°N
35.0°N
36.0°N

36.5°N
37.7°N
40.4°8
42.6°N

40,8°N
38.9°W
37.4°N
42.7°N

39.0°N
37.6°N
41.2°N
39.1°N

36.8°N
34.1°8
43.9°N
41.5°N

37.9°N
35.3°N
32.7°%
37.6°N

39.9°N
37.9°N
35.8°N
33.9°N

35.7°N

34,0°N

Lol

32.2°N
35.7°N

33.9°N
32.3°N
34.2°N
32,2°N

W~
-
ol o
L]

i =
[}
T T > 05

[
=

s »
DN
-]

ot
N~ WO oW - n
-

~OWwH
e ©o
™o R

H
w
.

12.2°E
12.3°E
14,7°E
18.1°E

16.8°E
16.7°E
18.3°E
20.4°E

24.8°E
25.1°¢
24.9°E
22.9°E

29.9°E

77 &°p
=)

-y et

27.8°2

31.9°E
31.0°E
34.9°E
33.3%:e

NTIS NO.

AD 713 992

AD 714 288

AD 713 779

AD 713 780

AD 713 648

AD 713 295

AD 713 084

AD 713 085

AD 712 761




VOLUME

[

-0

NORTH AMERICAN COASTAL MARINE ARFAS (Revised)

Juat
[= - N -] ~St W N E

bt
HR Ty

NE Newfoundland Coast
SE Newfoundland Coast
Placentia Bay South
Cabot Strait

- Anticosti Island

St. Lawrence River
Gulf of St. Lawrence
Cape Brenton Island SE
Halifax

Boston

Quonset Point

New York

Atlantic City
Norfolk
Cape Hatteras

Bermuda

Charleston
Jacksonville
Miami

Guantanamo
Key West

Fort Myers
Apalachicela
Pensacola

New .Orleans
Galveston
Corpus Christi

- APPROXIMATE

CENTRAL LOCATION
50.5°% 58.3°W
51.5°N 51.0°W
49,2°N 52.7°W
47.0°N 51.5°W
46,0°N 54.5°W
46,.8°N 58.3°W
49.6°N 62.5°W
49.4°N  66.9°W
47.8°N 62.4°W
44,9°N 58.9°W
48.7°N 63.7°W
43.4°N 68.3°W
40.8°N 70.4°W
40,4°N 72.7°
39.0°N  72.5°W
37.0°N 74 .5°W
34.7°N  {74.8°W
32.0°N  '65.0°W
32.9°K 77.4°W
30.5°N 79.7°W
27.0°N 79.2°W
19,0°N 75.0°W
24.0°N  81.0°W
25.8°N  83.2°W
28.6°N 84.,4°W
28.7°N  87.5°W
28.2°R 90.5°W
28.4°N  93.5°W
27.3°N 96.2°W




VOLUME

CARIBBEAN AND NEARBY ISLAND COASTAL MARINE AREAS

NAME

British Honduras
Ciudad del Carmen
Veracruz

Cape Rojo
Yucatan

Isle of Pines

Cayman

Jamagica West
Jamaica South
Jamafca North
Jamaica Southeast

Hispaniola South
Windward Passage
Grand Bahama
Nassau

San Salvador
Ackline Island

Hispaniola North
Santo Domingo
Mona Passage:
Puerto Rico South
Puerto Rico North
Vieques

Virgin Islands
Leeward Islands
Windward Islands
Trinidad
Barcelona
Caracas

Gulf of Venezuela
Riohacha
Cartagena

Colon

Gulf of Panama
Galapagos Islands

-

APPROXTIMATE
CENTRAL LOCATION

17.5°N  87.5°W
19.5°F  92.5°W
19.5°N  95.0°W
21.5°N  96.5°W
22.5°N  89.5°W
21.5°N  82.5°W

19.5°N 80.5°W
18.0°N 79.0°w

T ADuy = mnOew

LU N 1. W

19.0°N 77.0°W
17.0°N 75.0°W

17.0°N 72.5°W
20.0°N 74.0°%
26.5°N 77.5°W
25.0°N 77.0°W
24.0°N !75.0°W
21.5°N  *73.5°W

19.5°N 69.0°W
17.5°N 69.5°W
18.5°R 68.0°W
17.5°N 66.5°W

19.5°N 66.5°W

18.5°N 65.6°W

18.0°N  64.0°W
16.5°N  62.0°W
13.5°N  60.5°W
11.0°N  61.5°
11.5°N  64.5°W

11.5°N 67.0°W

12,5°N 69.5°W
12.5°N 72.5°W
11.5°N 75.5°
10.0°N 80.0°W

W

8.0°N 79.5°W
.5°8 90.5°W



INDONESIAN COASTAL MARINE AREAS

- APPROXIMATE
VOLUME AREA ‘NAME CENTRAI, LOCATION
1 1 Southeast Sumatra 04.3°s  101.7°E
2 Christmas Island 10.5°S 105.5°E
3 Sunda Strait -6.1°8 105.7°E
4 Northwest Java Sea 4,0°s 107.5°E
5 Bangka Island Northwest .8°Ss  105.5°E
6 Natuna Island 3.5°N 108.0°E
7 Sarawak 3.8°8 111.8°E
2 8 West Borneo 7'M 107.8°E
9 Karimata Strait 2,7°s  109.2°FE
10 Southwest Java Sea 5.5°S 109.6°E
11 South Central Java 8.4°S 110.6°E
12 Southeast Java 9,7°s 115.2°E
13 Southeast Java Sea 6.3°s 1I13.1°E
14 Northeast Java Sea 4.4°s 113.9°E
3 15 Bali Sea 7.8%s 116.5°2
16 Flores Sea 7.8°S 119.9°E
17 Northwest Flores Ses 6.0°s 1}17.5°E
18 South Makassar Strait 4.2°s 117.8°F
19 Central Makassar Strait 2.0°8 117.8°E
20 North Makasggar Strait .1°s  118.7°B
21 Southwest Celebes Sea 2.2°N 120.3°E
4 22 Northwest Celebes Sea 3.8°N 120.2°E
23 East Celebes Sea 3.0°N 123.5°E
24 Northeast Molucca Sea 3.0°N 127.0°E
25 Southeast Molucca Sea 1.0°s 126.7°E
26 Northeast Banda Sea 5.5°S 131.0°F
27 Timor Northwest 7.8°8 124.5°E
28 North Timor Sea 8.4°S 129.3°E
5 29 Melville Island 11.2°g 130.8°F
30 West Arafura Sea 9.3°5 133.3°E
31 East Arafura Sea 9.6°8 136.8°F
3 West Torres Strait 10.5°8 140.5°E
33 East Torres Strait 10.8°8 143.8°%
34 Gulf of Papua Southeast 10.3°s 146.8°E
6 35 Southeast New Cuinea 10,7°S 151,5°E
36 Northwest Solomon Sea 6.9°S 148.7°E
37 Admiralty Islands East 1.8°s 149.0°E
38 New Ireland NWortheast 2.1°8  152.6°E
39 North Solomon Sea 5.5°S 153.5°E
40 Southeast Solomon Sea 8.5°S 154.5°E

B-10-



EAST AFRICAN AND SELECTED ISLAND COASTAL MARINE AREAS

. APPROXIMATE
VOLUME AREA RAME CENTRAL LOCATION
1 1 Kuria Muria Is '18.0°N 58.0°E
2 West Arabian Sea 16.0°N 57.0°E
3 Qamr Bay 15.3°N 53.0°E
4 Socotra Is 13.3°N 54.4°E
5 Gulf of Aden NE 13.5°N 49.0°E
[ Culf of Aden NW 12.6°% 45.7°F
2 7 Red Sea South 14,.6°N 42.3°E
8 Red Sea South Central 17.5°% 40.5°E
9 Red Sea Central 20.5°N - 38.5°E
10 Red Sea North Cemtral 23.5°% 37.0°E
11 Red Sea North 26.4°N 35.3°E
12 Gulf of Suez 28.5°N  -33.2°E
3 13 Gulf of Aden SW 11.4°N 45.7°E
14 Gulf of Aden SE 12.4°N 51.5°E
15 Somali Coast NE 9.4°N 52.3°FE
16 Somall Coast East 6.5°N  i51.4°F
17 Somali Coast SE 3.4°N  '48.9°E
18 Somali Coast South »5°R 45.8°E
4 19 Kenya Coast 2.5°8 42.8°E
20 Zanzibar 5.5°s 41.6°E
21 Tanzanla Coast SE 8.5°8 41.8°E
22 Porto Amelia 11.5°s 42.3°E
23 Lumbo 14.4°8 42.2°E
24 Mazambique Channel NW 17.5°s 40.0°E
25 Mozambique Channel SW 20.6°8 37.2°E
5 26 Lourenco Marques 24.5°s 37.4%e
27 Tulear 25.0°s 42.2°F
28 Mozambique Channel SE 20,5°s 41.7°E
29 Mozambique Channel NE 13.2°%s 46.3°E
30 Diego Garcia 8.5°s 72.5°E
31 Gan .5°N 73.0°
32 Minicoy 1s 8.0°N 73.0°s

B-11




VOLUME

Publications Volumes {1 through 6 still in production.

ARFA

mpwN-

0 ~3 O

9
10
i1

12
13
14
15
16

17
18
19
20

21
22
23
24

25
26
27
28

olume

i

SIBERIAN COASTAL MARINE AREAS

NAME

Wrangel Island
North Cape
Anadyrskiy Gulf
Khatyrka
Khatyrka 340S

Karaginskly Island
Kronoki
Commander Islands

Kuril Strait W
Kuril Strait E
Kuril Strait 400F

Magadan
Shelikhova Gulf
Sakhalinskly Gulf
Sobolevo 240 WW
Sobolevo

Tartar Strait N
Tartar Strait S
Sakhalin NE
Sakhalin SE

Okhotsk.Sea SE
Onekctan Island 135W
Onekotan Island

Soya Strait W

Soya Strait E
Urup Island

Vladivostok
0l'ga

is AD 733 988.

B-12

APPROXIMATE
CENTRAL LOCATION
72.0°N 178.5°W
69.0°N 175.0°W
64.0°N 177.0°W
60.5°N 176.0°E
57.0°N 175.0°E
58.0°N 166.0°E
56.5°N 162.5°F
54.0°N 168.0°R
51.5°N 156.0°E
51.5°N 159.5°E
51.5°N 167.0°E
58,5°N 147.5°F
60.0°N 158.5°E
55.0°N 143.0°E
55.5°N 153.0°F
54.4°N 155.5°F
51.0°N 141.5°E
48.0°N  140.5°E
52.0°N 146.0°E
49.0°N 146.0°E
52.5°N 152.0°E
49.5°N 152.0°E
48.0°N 155.5°E
45.5°N 139.5°E
46.0°N  145.5°®
46.5°N 151.0°E
42.0°N 131.5°E
42.5°N 135.5°F



VOLUME AREA
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21
22
23

24
25
26

27
28
29

30
31

o -

W M

NORTH AMERICAN COASTAL MARINE AREAS

NAME

Argentina

Bermuda

Guantanamo

Boston
Quonset Point
New York
Atlantic City

Norfolk
Cape Hatteras
Charleston

Jacksonville
Miami
Key West

Fort Myers
Apalachicola
Pensacola

New Orleans
Galveston
Corpus Christi

Baja

San Diego 200SW

San Diego
Santa Rosa

Point Mugu
San Francisco
Point Arena

Eureka
North Bend
Newport

Astoria

Seattle

Vancouver

Queen Charlotte

Sitka

BOUNDARY (C=COASTLINE)

45-47°N

1N-34%N
- T - 4%

18-20°N

42°N-C
40-42°N
40°N~C
38-40°N

36-38°N
34-36°N
32-34°N

29-32°N
25-29°N
23-25°N

25-27°N
27°N-C
27°N-C

27°N-C
27°N-C
26°R-C

28-31°N
28-31°N
31-34°N
31-34°N

34-36°N
36-38°N
38-40°N

40-42°N
42-44°N
44-46°N

46-48°N

48-50°N
50-53°N

53-56°N
56-50°N

B-13

53-56°W

£1-67°11
NITUP WA

74-76"W

66°W-C
69-72°w

72 *W-C
72°W-C

73°W-C
73°w-C
75°W-C

78°W-C
78-81°W
79-83°W

81-84°W
C-86°W
86-89°W

89-92°w
92-95°W
95°W-C

C-120°W
120-125°W
Cc-120°W
120-125°W

Cc-125°w
C-126°w
C-127°w

C-127°W
C-127°w
C-127°W

127°W

1209y
s N

c-
C-
C-134°W
C-135°w
C-140°W

NTIS ¥NO.

AD 706

AD 707

AD 707

AD 707

AD 709

AD 710

&
-~
(=}
O

AD 710

B
~
=]
v

AD 710

AD 716

357

699

700

701

973

770

(=3
v
s

771

829

721




VOLUME

12

i3

14

15

AREA

NAME

Cordova
Seward
Kodiak

Unimak
Dutch Harbor
adsk

Attu

Bristol Bay
St Paul
St Paul 180W

Nunivak

St Matthew

St Lawrence
Cape Lisburne
Barrow

BOUNDARY (C=COASTLINE)

37°R-C
57°N-C
56°N-C

53°N-C
51-55°N

K1_ecdy
o Ser o |
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SAMPLE TABLE FROM U,.S. NAVAL OCEANOGRAPHIC OFFICE (1963)

P
s
o

b
. 1"
Werms
’
$

..- 1 1 A T [ ¥ NI 13 1 - F 'h
ROy ey
b H- =R .@. :

(o //1— .nm ! -w
o mmmmui.fm -i”w am-mm“ b4 .‘ . Eh
fettgbe | 1 LY fietiic E
Wmm IDECER -LHE &) 4
..mﬂ.m:m ? m..m_...n 3 -”‘.,h R T e R |

k)

Cc-2



z9Ls $1 1 Bl 6% ZLW RY BLR  FEZFL  BL¥1 6SE®  S9¢ S£7vlol
2 ! | 113

| 1 z26

i | 3
e 1 ) [N T Y| [] [] € 61
3 ] € Ll [ s I ) 1

zr 1 L sl L n 1 v L) o
6L z v 0 2z el 9’ € ] 3 =
<9 z 2 v v L £l 9 ] v §1 =
5 1 ’ [ 2 o1 T 1 € er 7
vi L i 113 13 2] 1l z € £l =z
€z n & ¥z &€ 62 61 1 z L™
oE 2 ol iz (1 iz [} b [N
LS ' 1 ] ’ 1] [ B 2 £ 01 x
Loy ] §T 9% 611 i [t i o¢ | 60 =
09¢ i e 9l [ T ] 60 r I 2 t90 o
£y L 3 v Tyl €91 LL T 02 | to o
198 ] I 2 sr o 664 zoz  #¢) 91 €€ [90 =
o€l I I oL of re *sZ  eZz 13 1L [ S0
f64 ! ’ i €T r§ er:  o0cg 59 Ls | ro
€ie € i i 6 13 LI oRe @61 5¢ [ <o
16¥ v 1 I I3 z (13 51 otz ez | zo
12 [] 2z i 51 6L L 1o
rzi ] ] 1 i ¥ 09 65 ] oo
sIVioL 4 o & 8 L 9 5 r £ z []

34002 Q01W3Id IAVA
SHOILIIVED FI¥ - €S¥ID NOKAIDZIWIOQ

(£961)

HANT NV NI9D0H 'WOdA FTIVI FTIHVS

AT-0 TTEVI

s [ 1 h
(03S) QO34 JAUM  (SBO 40 ON} 3NOZ - 8NnS - V35 40 ON= 00 ON

SHYYWIY

%60 a96%@ 288 |IFIEPEIC

F4 Y]

9 / 1o
e | ] N
6L / _V y/
fl.me.}

g% | uwd/fv»ovu/
ovez |- S0, .. —s20_ | EFBL
1580 | 8Kl ] e
TE91 | £59 ) TS

(6be6) 6% ON

(0L6T) VMVOO QNV THONONVWVA HO4d ATIVI ATIWVS

ITI-D 37T9VL



A DESCRIPTION OF WAVE MEASURING SYSTEMS
adapted from

"The Theory and Applications of Ocean Wave Measuring Systems at and

Below the Sea Surface, on the Land, from Aircraft and from Spacecraft"

by
Willard J. Pierson, Jr.

Prepared for the Goddard Space Flight Center, Greenbelt, Maryland
under contract NAS-5-20041
Report NASA CR-2646
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The Tucker Shipborme Wave Recorder

A routinely operated system for recording ocean waves is the Tucker Shipborne
Wave Recorder as described by Tucker (1956). This particular instrument has been
in virtually continuocus use on the European weather ships since the time of the pub-
lication of the above reference and many hundreds of records have been obtained in
various places in the eastern North Atlantic since that time. During SKYLAB for the
month of January 1974, the winds over the North Atlantic were extremely high and an
area of high winds where the winds exceeded 65 knots (32.5 meters per second), equal
roughly to the area of the United States east of the Mississippi, occurred and last-
ed for a number of days. European weather ships on station in the North Atlantic
recorded the waves during this period with this instrument for use in the interpre-
tation of SKYLABR data.

The Tucker Shipborne Wave Recorder consists of two pressure~sensitive transduc-
ers mounted with a water—-tight seal on each side of the hull of a ship on the inside
at a point below the water line. They are provided access to the ocean by means of
small holes drilled through the hull plates. The function of these two pressure
transducers is to provide the average value of the pressure caused by the helght of
the water on the outside of the ship above this point. The idea of these two trans-
ducers to record that part of the wave motion is that these two signals are averaged
before further processing. On the line commnecting these two points, which are lo-
cated near midships on the particular ship being used, 1s an accelerometer. The de-
sign of this accelerometer is quite simple, and the signal recorded by the accelero-
meter is double integrated continuously as a function of time to yield a function
that represents the rise and fall of that poilnt. The signal from the pressure
transducer is then added to this doubly integrated acceleration signal and the out-
put is graphed as a function of time on a piece of chart paper. The ships on which
these wave recorders are installed are typically quite small, being of the order of
150 to 200 feet long (say, 50 to 65 meters long). When extremely high waves are be-
ing recorded, the waves are typically four or five times longer than the ship and the
ship rides up and down on these waves and follows the wave profile quite closely.
The correction added by the pressure transducer is thus a relatively small part of
the total vertical excursion sensed by the ship. If the ship did not move up and
down on the waves, it would be flying part of the time and acting like a submarine
during the other part of the time. A sample record from this recorder is shown in
Fig. D-1. The date, time and other pertinent informatjon is also shown on the fig-
ure.

The wave record obtained by the Tucker Shipborne Wave Recorder needs to be corrected
as a function of frequency. The double integration is not perfect so that some
waves are over amplified by the process for some frequenciles and others are atten-—
uated. Also, the added correction for the pressure fluctuation due to the shorter
period waves is a function of the depth of the pressure transducer on the side of
the hull and of other dimensions of the ship. A calibration curve needs to be de-
rived for each ship on which this recorder is installed. The procedures for deriv-
ing this calibration curve were given by Cartwright (1961).

Wave records obtained by this instrument, as used on many different ships, have

been spectrally analyzed and corrected according to the appropriate calibration
curve by many different scientists. Pertinent references are Moskowitz, Pierson and

D-2
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Mehr (1962, 1963, 1965), Ewing and Hogben (1971), M. Miles (1972) and Hoffman

(1974. a). Sample calibration curves for three different ships are tabulated as a
function of frequency in Table D-1 from Miles (1972). It can be noted that a spec-
trum estimated from a record such as the one graphed in Fig. D-1 has to be multi-
plied by values greater than one for low frequencles, values closer to one for cer-
tain Intermediate frequencies, and values considerably greater than omne as the fre-
quency increases towards the upper range of definition. For the high end of the
frequency band typically covered in a spectral analysis of such a record, the ampli-
fication factors are very high, and any white noise digitization error in the rec-
ords can lead to unrealistic values. Most scientists who analyze these records cal-
culate the white noise level at the high end of the band, assuming it to be all
white noise and well above some unknown Nyquist frequency. This white noise level
is then subracted from the entire record and the calibration curve given by the
above table is then applied. Fig. D-2 and D-3 shows some examples of spectra calcu-
lated from the data obtalned by the Tucker Shipborne Wave Recorder. The peak of the
first spectrum is at a spectral value of about 50; that of the last one is at 0.07.

Table D-2 shows a sample from Miles (1972) of the data available from the

se
records. The parameters of records NW 181 to NW 210 are tabulated The gsignificant

LWLl 235 L@l Lsl o L=y N - AW A R S Lav GaT wovuLlGeTw e 4l S AnEs

height is related to m by

The values T(-1), T(l) and T(2) are different kinds of "average" period, based on
various moments of the spectrum. The K's are related to slope parameters of the
spectrum.

Table D-3 shows the values of the spéctrum for the top record in Fig. D-2. The
raw spectrum is given by SO, the spectrum minus noise is given by 81, and the spec-
trum after multiplication by the calibration curve is given by 83.

The data from this instrument have pPr roved

.‘.

he invaluahla to naval architects,
Over t'e years the records for the ten h ghest sequences observed in a twenty minute
interval in the North Atlantic have been assembled and analyzed. The very highest
waves had a significant wave height of 55 feet from crest to trough. This implies
that one wave in one hundred at that time was 1.5 times that significant wave height,
(v} SGmEWhere near OI. fEEL Lrﬁm Lﬂe crast UL Eﬂe wave to E[lE l:rougn O.I. Eﬂe wave as J.E
passed the weather ship that was recording this train of waves. The probabalistic
structure of the wave motlon for such extremely high waves has been quite well veri-
fied by calculating the so-called significant wave height and the highest wave in a
twenty minute interval and comparing these values with the theoretical results ob-
tained by Longuet-Higgins.

The advantages of the Tucker Shipborne Wave Recorder are considerable. It can
be mounted on any relatively small ship and waves can be recorded wherever that ship
is stationed. The water can have any depth. Typically, the ship is hove to while
the waves are being recorded but in principle it could be underway in head seas and
record the waves as a function of their frequency of encounter. The calibration
problem is somewhat more difficult under these circumstances, however, so that this



TABLE D-1

FREQUENCY RESPONSE CORRECTION FUNCTIONS

[from Miles (1972)]

WEATHER WEATHEP WEATHER
EXPLORER REPORTER ADVISER
N DMEGA ALH) B(H) C(N)
0 0,00 1.0000 1.0000 1,06000
1 0,05 1.06000 1.0000 1.0000
2 0.10 1.0000 1.0000 1.0000
3 0.15 1,0000 1,0000 1,0000
L 0.20 1.452 1.4245 1.6677
5 0.25 1.3253 1.2787 1.2979
6 0.30 1,2048 1.1442 1.1392
7 0.35 1.1394 1,0622 1.0673
8 G.40 1.1294 1.0303 1,0400
g 0.45 1.1519 1.0256 1.0402
10 0.50 1.1999 1,0505 1.0599
11 0,55 1.2703 1.0584 1.0956
12 0.50 1.3641 1.1107 1.1456"
13 0.65 1.5829 1.1635 1.2098
14 0.70 1.6301 1.2307 1,2888
15 0.75 1.8093 1.3103 1.3839
16 0.80 2.0277 1.4056 1.4970
17 0.85 2.2948 1.5162 1.6307
18 .| 0.90 2.6214 1.6470 1,7882
19 0.95 3.0173 1.7979 1.9737
20 1,00 3,5052 1.8751 2.1922
21 1.05 5.1087 2.1830 2.,54499
22 1,10 §.8559 2.5256 2,755
23 1.15 5.7837 2.708k 3.1157
24 1.20 6.8462 3,0409 3.5451
25 1.25 8.4121 3.4329 %.0575
2% 1.3 10,2867 3,8940 4,6710
27 1.35 12,6353 hob513 5.4087
28 1.40 15.6792 5,0934 6.2990
79 1.55 19.6103 5,8701 7.3782
30 1.50 24,7277 6.8016 8.6918
33 1.55 31.5321 7.5215 16,2580
32 1.60 40,2735 9.2728 12,2707
33 1.65 52.0057 10.5108 14,7046
34 1.70 67.7020 12,9028 17,7216
35 1.75 28,8481 15.3343 21.4788
36 1.80 117.5970 18.3199 26.1804
37 1.85 156.6320 21.9977 32.0919
58 1.90 210.5760 26.552% 39.5699
39 1.95 285.3370 32,2142 59,0439
40 2.00 389,2020 39,2524 61.1L38
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TABLE D=2
SAMPLE DATA SUMMARY FOR SBWR FREQUENCY SPECTRA

[Miles {1972)]

RECORD DATE 11/3) CONFIDENCE INTERVAL [ T(-1) | T(1) T(2) K(=-1) | K(1) K(2)
OH H{1/3)
{(HR-DY-MO=-YR) | (METERS) | UPPER 95% ! LOWER 5% | (SEC) | (SEC) | (SEC)

HW1EB1 12-22-12-61 3.648 .033 3.300 11,03 9.84 9.12 1,35 1.34 1,35
w182 12-27-12-61 4,102 h.491 3,748 89.33 3.56 B,11 1.08 1.08 1.13
HWLE3 12-28-12~61 5.331 5.756 4,938 83.67 7.70 7.23 0.88 0.86 0.88
NW184 12-22- 1-62 9,229 10,285 8.282 11.95 | 10,62 9.74 0.92 £.91 0.90
HWLBS 12-28- 1-62 k,551 4,976 t.162 10,58 | 9,41 8.75 1,15 1,14 1,15
HWLI86 12-29- 1-062 6.968 7.765 G.252 10.08 9.06 8,45 0,89 0.89 0.990
NW187 12-31- 1-62 10.048 11.315 8,923 11,54 [ 10,03 9,08 0.85 0.82 0.81
HW1838 12~ 9~ 2-02 6.357 7.024 5,753 10,31 9.17 8.48 0.95 0.84 0.95
HW1E9 1210~ 2-62 13,657 15,170 12,294 12,11} 10,13 8,97 0.76 0.71 0.68
k190 12-11- 2-6G2 10,084 i1.107 9.156 11,42 { 9,88 B.97 0.84 0.81 .80
hW191 12-13~ 2-b2 5.064 5.635 4,551 11.17 | 10,17 9,50 1,16 1.17 1,18
HW182 12-15- 1-64 5.036 5.553 4,568 g.05 8.00 7.42 0.94 0,92 0.93
HW183 12-20- 1-64 4,739 5.173 b,342 9.29 8.35 7.83 1,00 06,99 1.01
NW1lg4 12-21- 1-64 6.668 T 446 5.972 12,62 { 11,12 | 10,11 1,14 1,12 1.10
NW185 12-25- 1-64 3.592 3,975 3,246 11.33 | 10,29 9.67 1.39 1.41 1.4y
KW196 12-24- 1-64 2.427 2.679 2.198 i0.62 9,58 8.92 1.59 ] 1.59 1,61
HW197 12-29=- 1-64 8.047 8.990 7.203 10.53 9.40 8.68 0D.87 0.86 0.86
NW198 12-30- 1-64 11.327 12.772 10,046 12,20 ) 10,82 9,88 0.85 0.83 .83
%199 12- 3- 2-64 8,197 9,047 7.426 11.04 5.81 $.09 0.90 0.85 0.889
NW200 12- 4~ 2-064 6.332 7.019 5.712 11.00 8.67 8.84 1.02 1.00 0.99
Hw201 12- 5- 2-864 | 2,189 2.400 1.997 9.15 8,30 7.83 1.44 1,45 1.49
HW202 12-26- 7-04 2.926 3,221 2.659 7.90 7.41 7.11 1.08 1,12 1.17
HW203 12-28- 7-64 3.336 3.684 3.022 9,73 8,94 8.46 1.24 1,27 1.30
HWZ2U4 12-29- 7-G4 1.600 1,764 1.468 8.27 7.063 7.30 1.53 1.586 1.63
HWI205 12-30- 7-bh 3,804 L.222 3.427 8,79 8.23 7.91 1,05 1,08 1.14
206 12- 4~ 8-G4 5,328 3.712 2,983 8,83 8,17 1.79 1,137 '1.16 1,2¢
NW207 12- S5- 8-6% 3.602 4,018 3,230 9.67 8.96 8,50 1.19 ] 1.22 1.26
nW208 12~ 8- 8-b4 1.337 1.453 1.231 8,09 7.40 7.10 1,63 1.66 1.73
NW209 12-13- 8-0G4 0.698 0.750 0,650 7.30 6.45 6.13 2,04 2,00 2.07
HW210 12-15- g-64 1,208 1.305 1.118 G.35 5.83 5.66 1,35 1,38 1.45




TABLE D-3 WAVE DISPLACEMENT SPECTRUM [MILES (1972)]

1200 Feb. 10, 1962 Ship-Weather Reporter Record No. NW189
Variance~ 11.6438 M**2 Sig. Wave Hgt. - 13.6568 M
Noise Level- (.2993 M**2/RPS CUT-0FF- 0.225 RPS
DOF- 26 Total DOF~ 120
T(-1)- 12.1150 sec T(1)- 10.1342 sec T(2}- 8.9675 sec
K(-1)- 0.7650 K(1)- 0.7108
N w S0 s1 52
(RPS) (M¥*2 /RPS) (M**2 /RPS) (M**2 /RPS)
0 0.00 4.0000 0.0000 0.0000
1 0.05 0.0000 0.0000 0.0000
2 0.10 0.0000 0.0000 0.0000
3 0.15 0.0000 0.0000 0.0000
4 ©.20 0.0000 0.0000 0.0000
5 0.25 1.4003 1.1010 1.4078
6 0.30 2.6504 2.3511 2.6902
7 0.35 15.6533 15.3540 16.3087
8 0.40 41.845Q 41.5457 42.8062
9 0.45 45,7956 45.4963 46.6592
10 0.50 30.0550 29.7557 30.9617
11 0.55 - 16.2779 15.9786 16.9113
12 0.60 9.2435 ' 8.944] 9.9341
13 0.65 7.0654 6.7661 7.8723
14 0.70 4.2780 3.9787 4.8960
15 0.75 4.4176 4.1182 5.3962
16 0.80 2.6207 2.3214 3.2608
17 0.85 2.1931 1.8938 2.8714
18 0.90 1.9518 1.6525 2.7216
19 0.95 2.0900 1.7907 3.2195
20 1.00 2.4724 2.1731 4.2920
21 1.05 2.0685 1.7692 3.8621
22 1.10 1.5042 1.2048 2.9224
23 1.15 0.9857 0.6864 1.8591
24 1.20 0.8697 0.5704 1.7346
25 1.25 1.1481 0.8488 2.9139
26 1.30 1.0156 0.7162 2.7890
27 1.35 0.6277 0.4234 1.8803
28 1.40 0.6198 0.3289 1.6753
29 1.45 0.6456 0.3320 1.9487
30 1.50 0.6142 0.3281 2.2319
31 1.55 0.6359 0.3062 2.4254
32 1.60 0.5359 0.2040 1.8920
i3 1.65 0.3057 0.0569 0.6209
34 1.70 0.2777 0.0000 0.0000
35 1.75 0.2335 0.0000 0. 0000
36 1.80 0.2703 0.0000 0.0000
37 1.85 0.3921 i 0.0455 1.0009
38 1.90 0.3248 3.0309 0.8214
39 1.95 0.2793 0.0018 0.0573
40 2.00 0.3209 0.0008 G.0319
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is not done very often. This particular instrument has yielded a wealth of data on
the wave conditions just to the west of the British Isles over a period of almost
twenty years. Data on wave statistics can be found, for example, in a report by
Draper and Squires (1967). The Tucker Shipborne Wave Recorder has also been in-
stalled on a ship off the coast of South Africa for a number of years and is cur-
rently in use on the weather ships from Canada that occupy weather station PAPA in
the North Pacific.

Data Buogys

The February 1975 issue of the "Data Buoy Technical Bulletin' (Volume 1 No. 6) .
published by the NOAA data buoy office, NSTL, Bay St. Louis, Mississippi, contains .
description of a modification of the experimental buoys developed by NOAA so that
they now provide real time wave spectral data. The article in this technical bulle:
tin describes the system quite completely, and there is little point in paraphrasing
it. Therefore, the article is quoted in full below.

BUOYS NOW PROVIDE REAL TIME WAVE SPECTRAL DATA

"A new experimental wave measuring system was installed on twe environmental
data buoys in early December 1974, Both EB~0l (deployed in the Atlantic off Norfolk
Virginia) and EB-03 (deployed in the Gulf of Alaska) are l2-meter diameter discus
buoys configured to produce, each 3 hours, raw data from which wave spectra are com-
puted. These buoys are equipped with payloads that include an on-board programmable
computer. The wave sensor hardware on board these two buoys consists of an acceler-
ometer and a two-stage electronic double integrator sensor system that produces ana-
logs of acceleration, velocity, and displacement for the vertical heave motion. The
on-board computer has been programmed to produce data from which heave displacement
spectra are computed. A total of 51 data words associated with measurement of spec-
tra is reported to the Miami Shore Collection Station (SCS) once every 3 hours.

ol 1

1

ati the
buoy multiplexer and analog-to-digital converter. Readings are taken for approxi-
mately 15 minutes; the on-hoard digital computer processes these samples into 51
autocovariances of acceleration, corresponding to lags of 0,1, 2 --- 50 seconds.
These autocovariances are encoded and relayed to the SCS. They are then partially
decoded and relayed to the Data Handling Center at the National Space Technology
Laboratories. There, raw spectral densities are produced from the autocovariances,
Hanning smoothing is applied, noise corrections are made, and the spectrum is modi-
fied to account for the ocean platform transfer function. Finally, the heave dis-
placement spectrum 1s produced by assuming superposition and operating on each spec-
tral density with w '. These computations result in the graphic presentation of
spectral density for heave displacement at frequencies of 0.01, 0.02 ~— 0.49, 0.50
Hz.

a A ynlraoagas 4o aamnlad an annand b
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"The performance of these systems has been determined by comparison of the
spectra produced by the EB-03 system to spectra produced by a Waverider buoy de-
ployed nearby. Shown below are results of this comparison test, during which EB-03
was not anchored, but tethered to a ship standing by. Other tests have been per-
formed and evaluations are continuing, but all preliminary analysis indicate that



the spectral data are excellent.

"Both EB-0l and EB-03 have been producing these spectra each 3 hours since
early December 1974. These buoys are belng used to test the new measurement concept
from both the engineering and operational points of view, with the objective of in-
stalling similar systems on future operational buoys.

~— NDBO Contact: K. Steele"

As can be seen from Fig. D-4, which accompanied this article, the spectra com-
pare quite favorably. It is hoped that this experimental program will be extended
to include the other operational buoys presently on station in the North Pacific,
the Gulf of Mexico, and off the east coast of the Unilted States. If this were done,
there would be a total of five experimental buoys, two in the Gulf of Alaska, two
off the east coast, and one in the Gulf of Mexico that will be able to obtain wave
spectra every three hours routinely.

It 1s noted that these experimental buoys are quite a bit smaller than weather
ships and that they probably track the rise and fall of the sea surface quite well
at the frequencies involved in the gravity wave spectrum. Thus only minor modifica-
tions are required to relate the twice-integrated vertical accelerations recorded by
the sensor installed inside the buoy to the wave spectrum.

It might also be noted that there have been a number of variations of the basic
Tucker principle tested on various ships. A device with a laser on it that projects
over the how of a ship can be used to measure the distance between the instrument
containing the laser and the surface of the water below. This distance plus the
twice integrated acceleration of the laser then yields a wave record. The problem
with this instrument is that the bow of the ship, especilally when the ship is under
way, may plunge below the surface of an oncoming wave and the entire instrument sys-
tem may be damaged, or torn completely loose from its mounting, and lost at sea.
However, for not too high waves such a system does provide better information on the
high frequencies in the wave pattern.

Wave Poles and Wave Wires

Another system for recording the rise and fall of the sea surface as a function
of time at a fixed point is a wave pole, or a wave wire mounted in a fixed structure.
Also pipes with spark plugs sticking out of the side at fairly close intervals have
been used. The rising water shorts out these spark plugs as it rises and the signal
that is produced is a measure of the position of the last shorted out spark plug.
These wave poles or wave wires work on a variety of principles. Some sense the
change in capacitance induced by the rising and falling of water, others sense a change
in resistance. However, the output is simply a graph of the rise and fall of the
water at the point involved. For all such systems, the frequency response of the
recorder is usually a problem, and there tends to be some roll-off at some frequency
that in general is not too high. In considering the work of Stacy (1974) it appears
that the very high-frequency part of the spectra of hurricane waves in the Gulf of
Mexico may have undergone some attenuation due to this roll off. Such a recording
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Figure D-4. Comparison of Displacement Spectra from EB-03 and
Waverider at Latitude 48° 54' N, Longitude 126° 22' W.
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system has the disadvantage that it requires a fixed platform for installation,
Consequently wave poles and wave wires can only be operated in shallow water. Wave
recorders referred to as Baylor gages were installed on o0il drilling platforms in the
Gulf of Mexico by a consortium of oil companies a number of years ago in order to
record the waves generated by hurricanes that passed near by. Later, the same cil
companies supported a program to develop a numerical wave specification and numer-
ical wave forecasting procedure for hurricanes in the Gulf of Mexico.

The Baylor gauge is described in a report by Draper and Fortnum (1974). Two
models are available. One contains the electronics and transducer in a stainless
steel housing that can operate when submerged; the other is more conventional. The
wave staff consists of two tensloned steel wire ropes spaced about 9 inches apart

and electrically connected to a transducer at the top of the staff. The sea water

acts as a short circuit between the two wire ropes and the transducer measures the
a.c. impedance so that the length of the wire above the water surface is known.

The Waverider Buoy

The Waverider buoy is a sphere 0.7 meters in diameter. It is weighted to float
with a preferred upward direction. An antenna sticks out the top, and the upper
portion is transparent so that a flashing light can be seen inside the buoy. The
sensing system is an accelerometer that tends to stay vertical as the sphere pitches
and rolls on the waves. The sphere is tethered by an elastic line to a submerged
buoyant float that produces temnsion on the anchoring line. It behaves essentially
like a small fluid particle of sea water and follows the orbital velocity of the
passing waves essentially 1n circles of varying radius with time. The vertical com~
ponent of the acceleration of the buoy is recorded and double integrated. The out-
put is therefore a representation of wave elevation versus time in Lagrangian coor-
dinates. To first order, a spectrum from such a record is essentially the same as
the spectrum from waves passing a fixed point (see for example Chang (1968)). Of
the many commercially available wave recording systems, this one appears to have
been very successful. A study by Briscoe and Goudriaan (1972) describes the various
ways that the data can by analyzed and shows numerous spectra obtained from the data
recorded by this system.

Calibration of Wave Recorders

Draper and Humphery (1973) have compared the calibration of the shipborne wave
recorder and the Waverider bucy. One of the problems in calibrating an instrument

AL EFT m-=1 .-+ 1.1
that genses the vertical acceleration of its motion 1s that it 1s difficult to build

a device that will accelerate and decelerate the recorder over distances much larger
than three meters. The shipborne wave recorder and the Waverider buoy have been
calibrated for simulated waves of about three meters in height, but this did not
demonstrate the full capabilities of these recorders which are frequently used to
megsure mich higher waves. In order to simulaie waves of much greater height ar-
rangements were made to use the "Big Wheel" Ferris wheel, or merry-go-round, at
South Sea Fun Fair. This Ferris wheel has a diameter of 14 meters and could be ro-
tated to give simulated wave periods from about 13.6 seconds to 30 seconds. The ac-
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celerometer part of the Tucker shiphorne wave recorder and the Waverider buoy were
fastened to a seat of the Ferris wheel and the Ferris wheel was rotated at various
speeds, as rapidly as 13.6 seconds per rotation. The output of the recording system
should be, after double integration, a sinusoid with height given by the diameter of
the wheel after correction for known calibration effects.

The conclusions of this study were essentially that both instruments function as
predicted except that the shipborne wave recorder response was better for long peri-
ods than had been theoretically calculated and that a slight correction to the pre-
vious calibration for long period waves might be made under certain circumstances in
analyzing the data. The errors in the measurement of the waves as a function of the
frequency spectrum are very small indeed compared to the problems of sampling varia-
bility for the data. The two systems can be considered to have been thoroughly cal-
ibrated by these techniques and by the studies that had been carried out previously.
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APPENDIX E

A Tabulation of Available Measured Spectra



Pierson & Moskowitz, Plerson &

Marks (1952) Mehr (1962, 1963, 1965) Inoue, T. 1967
hr min

Record Length 1500 sec. approx. 900 sec. 3 -30

{750 data) (approx. 600 data)
Sample Rate At = 2 gec. 1-1/2 sec. 3 sec.
Analysis Method Correlation Correlation (B & T) Correlation from 2

30 lags 60 lags sensors' data, 120 lag
Smoothing Hamming Hamming Ramaring
Corrections Noise average of Noise ratio

last ten values was
subtracted
Freq. Range 1/180 - 1/3 1/720 ~ 1/6 sec T
sec”

2 2 2
Units Energy C, - sec (ft)}< - sec m¢ sec
Units Fregq. sec-'1 sec-l sec-l

95%, 5%
Assoc. Para. 90% confidence confidence band 31/3
band variance var. significant ht.
Average T{(+T,)

Instrumentation pressure gauge Tucker Shipborne Vibrotron press

32.5 ft. Wave Recorder transd. at depth of

30.6, 88.1 m
Time (Year) 1951 1955 - 1960 1963
Location Long Beach, NJ OWS in Atlantic ' FLIP
North Pacific

No. of Spectra 400 460




Record Length

Sample Rate

a ]

Analysis Method

Smoothing

Corrections

Freq. Range

Units Energy

Unite Freq.

Assoc. Para.

Instrumentation

Location

- No. of Spectra

Pickett (1962)
Lazanoff (1964)

Brown, Scringer
& Kelly (1966)

20 min.

1 sec.

1/120~1/2 sec}

ft? sec.

sec

Total Energy

Resistance Wire

Staff

Argus Island

100

1/2 hour

ft2 * sec
sec
Total Energy
Spar Buoy
1966

Pacific

- ..

Miles, N. (1972)

10™", 15

min

At = 0.613 sec

|
d
v

20 point averages
10 point overlap

low pass anti-aliasing filter
average low freq. Cut off
high freq. smoothing and
white noise subtraction

0 - 5.12 rps
computed
0- 2 rps
n?/rps

radians per sec (rps)

var., sig. wave ht.
T(-1), T(1), T(2)
analogue +~dig. + analog

+ low pass filt. +digit.

Tucker Shipborne
Wave Recorder

14 years, 1954-1967

Station Indiz, OWS Weather
Explorer, Reporter III,
Adviser

323



Sample Rate
Anzlysis Method
Smoothing
Corrections
Freq. Range
Units Energy
Units Freq.
Assoc. Para,
Instrumentation
Time (Year)
Location

No. of Spectra

Snodgrass, et al (1966)

Moskios &
Deleonibus (1965)

5400 x 8 gec =
10800 sec = 3 hr.

Auto-correlation

"Parzen fader' (to
avoid neg. side bands
0.0030,0.0617,0.2471,
0.3762,0.2471,0.0617,
0.0030

0-250m cfs
(T = 24 sec)

e(cm? /me/s)
(log scale)

wme/s

Wave direction (par-

tially), events identif-

fcation tides are re-

PR

oved by num. high-pass

filtering

Vibrotron depth 20 m

1965

6 points in Pacific along
"a great-circle route be-

tween Antarctica and
Australia

Schule, et al (19271)

atlvy 30 min.
a8C1ly 2U min.

At = 0.5 sec.

Correlation

Correction by ship
speed

~
-

.03-1
ftzlsec_1

cps
H

1 49
152

Shipboard Wave
Height Sensor

1963 - 1964

Near Argus Island

12

0.04 sec that correspend

= 15 ft. (46 m) roughly

Correlation and zalso
FFT

Blackman & Tukey

low-pass by Butterworth

filter’

-1
¢~ 0.11 fr. ©
0.35 m~1)

fr3(m?)

Linear and exponential
growth parameters

Airborne Laser

1969

Cape Henlopen, Del.

10



. Record Length

Sample Rate

Analysis Method

Smoothing

Corrections

Freq. Range

Units Energy

Units Freq.

Assoc, Para.

Instrumentation

Time (Year)

Location

No. of Spectra

Barnett and
Wilkerson (1967)

1200 - 1700

0.05 sec. correspond

Correlation

Hamming

Airplane motion was
filtered, freq. was
transformed

.05 ~ .25 cps

m- sec

cps

growth of wind wave

radar wave profiler

& accelerometer (resolu-—
tion 1 ft. in vertical

100 ft. horizontal)

1965

Offshore areas of the
Middle Atlantic States

Bennett (1968)

1800 sec
(1800 data)

4t = 1 sec

Correlation
60 lags

Parzen lag
window

0~ 0.5 8z
(used 0 ~ 0.2)

log~power density
IN? /Hz

Hz

Directional

Bottom Pressure
Instrument Array

(6 probes)

1965

Gulf of Mexico off
Panama City, Florida

Rudnick (1969)

1728 sec
(B64 data)

At = 2 sec

Correlation
64 lags

Hamming

cps

Directional

FLIF - Press sensor
at 30 m, two hori-
zontal acc.

1963

near 39°20'N
148°30'W



Record Length
Saunple Rate
Analysis Method
Smoothing
Corrections
Freq. Range
Units Energy
Units Freq.
Assoc. Para.
Instrumentation
Time (Year)
Location

No. of spectra

Caul and

Brown (1967)

15 mm
{900 data)

At = 1 sec

Correlation
45 lag

Blackman & Tukey

high and low freq.
range were cut off

0~ 0.5 Hz
(0 ~ 0.35)
FT? [Hz

Hz

press. gauge in FFWM

{free-floating wave

meter} & accelerometer

for Monster Buoy

1966-1967

Bermuda and off
San Diego

Ewing and
Hogben (1971)

10 win.

At = 1 sec

Correlation

Hamming
1/4,1/2,1/4

nolse
correction

0-0.25 Hz
sec

Hz

B.F. No Hs Tz,

Wind Dir., Wave
Dir.

Wave Recorder

1963

Marsden Square

285,286,287,217,
218,219,251,252,222

97

Tucker Shipborne

Yamanouchi (1969)

10 min.

At = 0,5 sec.

Correlation
60 lags

Q filter -0.06,
0.24,0.64,0.24,
-0.06

-2 rps

m?- sac

circular freq. rps

var H

1/3

Shipborne Encounter
Wave Recorder

1968

off Honshu



Record Length

Sample Rate

Analysis Method

Smoothing

Corrections

Freq. Range

Units Energy

¥nits Freq.

Assoc, Para.

Instrumentation

Time (Year)

Location

No. of Spectra

Longuet-Higgins,
Cartvwright &
Smith (1963}

12-17 min.
(about 2000 data)

At = 0.5 sec

Correlation
(57-66 lags)

Hamming
1/4,1/2,1/4

subtracted
nolse energy

0.4 - 4.0 rps
Fr? sec
circular freq.
ps
directional
spectra
Roll-Pitch Buoy

1955-1956

England

At = 0.5 sec.

Correlation
100 lags

0.8 - 0.24
cps

me sec

0.8 ~ 0.24
cps

directional
spectra

" Cloverieaf Buoy

1967

R.R.S5. Discovery
56°45' N
18°57" W



Record Length

Sample Rate

Analysis

Smoothing /
Correction

Freq. range

Units Energy

Units Freq.

Assoc. Para.

Instrumentation

Time

Location

Notes

Hafer (1670

1 hr.

Correlation

04~.2 Hz

ft2/Hz

1967-69

Coast of BC

p-
M
w

Lockheed (1974)

8,10,20 min.

At = ,61035

Correlation

J limited

.053-2.0

m2/rps

rps

1971-73

Pacific ~ between
Seattle & Japan

(=]
-~
o

Ship at speed

Larsen and
Fenton (1974)

Ploeg (1971)

30 min.

At = 8789

FFT

mean and
trend removed

/

n? frps + £t

rps

1972-73

Cobb Seamount

=]
et
F

20 min.

B&T

Hamming /

ft2/rps

rps

4,000

46 published




Record Length

Sample Rate

Analysis

Smoothing /
Correction

Freq. range

Units Energy

Units Fregq.

Assoc. Para,

Instrumentation

Time

Location

# of Spectra

Notes

Ferdinande, V.

et al, (1975)

12 min.

At = 1 gec.

Auto-correlation
60 lag

Hamming/correction

Lockheed (1971)
Lockheed (1973)

from encounter freq.

hi freq. cut off
w = 1.4

n? sec

-1
sec

Tucker

N. Atlantic

45

Ship at speed

Hoffman, (1974a) Hoffman, (1975)
15 min. 12 min.
At = ,60 At = .3059
Auto-correlation FFT
100 lag
Hamming 3 point avg.
.25,.5,.25
0-2.0 rps /[

w=0-2.0 rps

ft? gec.

-1
Bec

Tucker

Station 'Papa’
N. Pacific

355 & 305

selected low-freq.
cutoff

n?/ rps

rps

Tucker

Station 'Kilo'
N. Atlantie

93



Sample Rate

Analysis

Swoothing /
Correction

Freq. range

Units Energy

Units Freq.

Assoc. Para.

Instrumentation

Time

Location

Notes

Saetre (1974)

FFT

avg. over 6 harmonics /
equilib. law tail at hi
freq.

.02-.2 Hz

m? /Hz

Hz

Tucker

Winters
69-70,71-72,72-73

EBO
EBO
EBO

North Sea

I~
[

Storm spectra

wrod ot o
JeLew S

development

NDBO (see text)

15 min every
12 hours

At = ] sec

auto-correlation
51 lag

Hanning / buoy
transfer function
known

.01-.50 Hz

m2/Hz

Accel.

03 56°N, 147.9°W
13 36.5°N, 73.5°W
12 26°N, 94°W

large no. of spectra

available, potential for
large amounts of high
quality spectra

FIWC (see text)

.04-,16 Hz

£t2/Hz

Hz

Computer forecast using
Pierson/NYU spectral model

Continuous

Northern Hemisphere

12 direction, 15 fre-
quency components at
each grid point




Catalog of Tucker Shipborne Wave Recorder Data
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Capatown A0S 10°T For momm casen
Randetesch
Capetown
South Afrias
{holds spacialived
area records)
WORLD CRUISE (OCEANOGRAPHIC RESEARCH VESSEL ATLANTIS IT)
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APPENDIX G

SOURCES OF UNPUBLISHED MEASURED DATA
FROM
REPORT OF THE INTERNATIONAL COMMISSION
FOR THE
STUDY OF WAVES

Excerpt from Bulletin Ne, 15 (Vol, II/1973)
of the

Permanent International Association of Navigation Congresses



AFRIQUE DU S$UD — SOUTH AFRICA

Hydrautlics Research Unit

8.A. Council for Scientific and Industrial Research
P.O. Box 320

Stellenbosch (Cape)

Oceanography Department
University of Cape Town
Private Bag

Rondebosch (Cape)

Oceanographic Research Unit
Anglo American Corporation
Oranjemund (South West Africa)

Fisheries Development Corporation
P.O. Box 539

Cape Town (Cape)

QOceanography Division

National Physical Research Laboratory
P.O. Box

Congella (Natal)

ALLEMAGNE REPUBLIQUE FEDERALE — GERMANY FED. REP

Seewetteramt Hamburg
des Deutschen Wetterdienstes

Deutsches Hydrographisches Institut
2 Hamburg 4 Bernhard-Nocht-Strasse 78

Bundesanstalt fiir Wasserbau
Karlsruhe

Institut fiir Geophysik der Universitiit Kiel
23 Kiel Neue Universitat, Haus B 2

Technische Universitis Hamburg
2 Hamburg 36 Jungiusstrasse 9

Biologische Anstalt Helgoland
2192 Helgoland

Bundesforschungsanstalt fiir Fischerei
2 Hamburg 50 Palmaille 9



10.

— Strom — und Hafenbau Hamburg
Forschungsgruppe Neuwerk

Forschungsstellen auf den Inseln
Norderney
Helgoland
Sylt

Hydraulik — bzw. Wasserbauinstituten der Universititen
ea

Franziusinstitut der T.U. Hannover

Leichtweissinstitut der T.U. Braunschweig

Institut fiir theoretische Geophysik der Universitit Hamburg
Ozeanographische Forschungsanstalt Kiel

Institut flir Meereskunde Kiel

Biologische Anstalt Helgoland

Bundesforschungsanstalt filr Fischerei

BELGIQUE — BELGIUM

Monsieur I'Hydrographe en Chef
Service Spécial de la Cote

Rue Christine 113
2400 Oetands

TV W Thel Lk

CANADA — CANADA

Chief Engincer
Design Branch, Department of Public Works

Sir Charles Tupper Building, Riverside Drive, Ottawa 8 {Ontario}

The Director

) ¥ PR, T e
Marine Sciences Braoch

Environmeat Canada
615 Booth Street, Ottawa (Ontario)
KIA QES6 Canada

The Head

Hydraulics Laboratory

Division of Mechanical Engineering
National Research Council
Montreal Road, Ottawa (Ontario)
KIA OR6 Canada

DANEMARK — DENMARXK

Vandbygningsinstituttet

(Danish institute of Applied Hydraulics)
Oster Voldgade 10

Dk 1350 Copenhagen, K

G-2



2. Vandbygningsditektorated
(Danish Board of Maritime Works)
Kampmannsgade 1
DK 1604 Copenbagen, V

ETATS-UNIS D’'AMERIQUE — U.S.A

1. U.S. Army,
‘Coastal Engineering Research Center
Kingman Building
Fort Belvoir, Virginia 22060
U.S. A,

ESPAGNE — BPAIN

1.  Laboratorio de Puertos Ramon IRIBARREN
Alfonso XII, 3 — Madrid — 7

FINLANDE — FINLAND

1 Eiawioh Lfudoammnlonin.l Fontisiion
1 FLHIIUM IVIGCLCVIUVIVETLHAL S1IMMULT
Vuorikatu 24

00100 Helsinki 10

2.  Finnish Oceanographical Institute
Vuorimichenkatu 1
00140 Helsinki 14

FRANCE -~ FRANCE

1. Service Technique des Phares et Balises (1)
12, route de Stains
94 — Bonnevil-sur-Marne

2.  Météorologie Nationale Franqaise (2)
1, Quai Branly
75 — Paris 7*

3,  Centre National d’Exploitation des Océans (CNEXO)
39, Avenue d'Iéna
75 — Paris 16*

4.  Institut Frangais du Pétrole (ILF.P.)
1, Avenue de Bois-Préau
92 — Rueil-Malmaison

{1) Stations d'enregistrement au Targe du Havre (2 stations), 4 Roscoff ¢t & Port Haliguen + 3 boudes d'enregistrement en Médi-
terrande + observations visuclies,

Off-shore recording stations in front of Le Havrc {2 stations), at Roscoff and &t Port Haliguen 4 3 recording buoys in the
Mediterranean <+ visual observations,

(2) Deux frégates avec enregistreurs Tucker aux points météorologiques K et A (ou J) + observations visuelles.
Two frigates with Tucker recording instruments at meteorological points K and A (or J) + visval observations.
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8.

SOGREAH

84/86 Avenue Léon Blum
Cedex n° 172

38 — Grenoble-Gare

Laboratoire Central d"Hydraulique de France
10, Rue Eugéne Renault
94 - Maisons-Alfort

Laborateire National d"Hydraulique
6, Quai Watier
78 — Chatou

Centre de Recherches et d’Etudes Océanographiques
2, Avenue Rapp
75 — Paris 7¢

GRANDE-BRETAGNE — UNITED KINGDOM

British Oceanographic Data Service
Institute of Oceanographic Sciences
Wormiey Godalming (Surrey)
GUSSUB

Meteorologicat Office (Marine Division)
Eastern Road
Bracknell {Berkshire}

TRLANDE — IRELAND

Meteorological Service
44 Upper O'Connell Street
Dublin I

National Committee for Geodesy and Geophysics
Study Group of Oceanographic Observers
{Chairman : Mck Bary of University College, Galway)

ISRAEL — ISRAEL

The Isragl Ports Authority
Coast study Division
P.O.B. 15

Ashdod

The Istacki Meteorological Service
Climatological Division

P.O.B. 25

Beit Dagon




JTALIE — JITALY

Istituto Centrale di Statistica
Direzione Generale Servizi Tecnici
Reparto SF

00100 Roma

Station stéréophotogrammétrique et dynamométrique en service depuis 15 ans :
{Stereophoiogrammetrical and dynamometrical station operating since 15 years) :

‘Ufficio del Genio Civile per le Opere Marittime
Napoli

Istituto Talassografico « F. Vercslli »
via Romolo Gessi 2

Trieste (dépendant du Ministére de I'Agriculture — controlled by the Ministry of Agriculture)

Istituto Idrografico della Marina
Genova (dépendant de la Marine Militaire — controlled by the Navy)

JAPON -~ JAPAN

Chief of the Construction Section

Harbour Bureau Ministry of Transport

3-1-2, Kasumigaseki, Chiyoda-Ku

Tokyo

The Fisheries Agency (Ministry of Agriculiure and Forestry)
The Ministry of Construction

The Universities

MAROC — MOROQCCO

Service de la Météorologie Nationale
%, rue du Docteur Veyre
Casablanca

Bibliothtque Générale du Ministére des Travaux Publics
Rabat

NORVEGE -~ NORWAY

The Norwegian Meteorological Institute
Niels Hearik Abelsvei 40
Oslo

Det Norske Veritas
Research Department
Oslo

Dept. of Port and Ocean Engineering
The Technical University of Norway
7034 Trondheim
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8.

10.

11.

PAYS-BAS — NETHERLANDS

Rijkswaterstaat

Directie Waterhuishouding en Waterbeweging
Koningskade 25

*s-Gravenhage

Rijkswaterstaat
Deltadienst

Van Alkemadelaan 400
*s-Gravenhage

K.N.M.IL (Institut Royal Météorologique}
De Bilt

Waterloopkundig Laboratorivm
B.P. 177
Delft

Rijkswateistaat

‘Studiedienst Viissingen

Prins Hendrikweg 3
Viissingen

Rijkswaterstaat
Deltadienst

Maeetdienst voor afsluitingswerkzaamheden en metingen in de Zeeuwse Wateren

Van Veenlaan 1
Zierikzee
Rijkswaterstaat

Deltadienst

Moeetdienst voor het Bensdenriviercngebied
Kanaalweg 2 (0OZ)
Hellevoersiuis

Rijkswaterstaat

Directie Waterhuishouding en Waterbeweging
Afdeling Hydrometrie

Koningskade 25

*s-Gravenhage

Rijkswaterstaat
Studiedienst Umuiden
De Wetstzaat 3
Hmuiden

Rijkswaterstaat
Studiedienst Hoorn
Grote Qost 26
Hoom

Rijkswaterstaat
Directie Groningen
Afdeling Studiedienst
Farsumerzijl 10
Delfzil



12,

Rijkswaterstaat
Zuiderzeewerken
Afdeling Watesrloopkunde
Kanaalweg 3
"s-Gravenhage

ravenia

POLOGNE — POLAND

Institut Polonais d’Hydrologie et de Météorologie
Section Maritime

Gdynia

ul. Wazyntona 42

Institut des Constructions Hydrotechniques de I’Académie Polonaise des Sciences
Gdansk-Oliwa
ul. Cystersow 11

Institut Maritime
Gdansk Dlugi Targ 41/43

BPODTIIAT

PORTUGAL — PORTUGAL

Laboratorio Nacional de Engenharia Civil
Avenida do Brasil
Lisboa §

Instituto Hidrografico
{Ministerio de Marinha)

Ruz das Trinas 49

Lishoa 2

Direcco des Servicos Maritimos
Rua das Portas de Santo Antdo 167
Lishoa 2

Servigo Meteorologico Nacional
Rua Sargiva de Carvelho 2

Lisboa 3

URS.S, — USSR,

State Occanographic Institute
6 Kropotkinski perenlok
Moscow

Oceanology Institute of the U.S.8.R. Academy of Sciences
1. Letnjaja ulitza, Lubline
Moscow
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DOCUMENTATION CONCERNANT LES ENREGISTREMENTS DE LAMES

INFORMATION RELATED TO WAVES RECORDS

Situation septcmbre 1972
september 1972

Durée denrcgistrement

Coordonnées géographiques {en mois) Dut
Geographical Coordinates Recording Period Objective
Endroit (moanth)
PAYS Organismes + adresses de 'gnregistrement
COUNTRIES Organizations + Addresses Recording Site effective dcoulée
> G mois dés début | CO. | CC. | N. M.
Longitude Latitude
effective  !elapsed since] (1) 2 3) @
> 6 months | beginning
- Alrigque du Sud Hydraulics Research Unit S.A. Richard Bay 32006’ 58" B 28° 48° 30 5 10 48 x
South Africa Council for Scientific Mossel Bay 220 12" 98" E 340137 48" § 16 33 x X x
and Industriul Rescarch Saldanha Bay 1725703 B 330067 36" S 8 ] x
P.O. Box 120 : Miwe Foint 12¢42° 10" B 180 22" %" 8 9 26 X
Stelicnbosch (Cape)
Fishcries Development Gansbaai 190 207 DO B 3403500 8§ 38,4 43 x
Corporation Lamberisbaai I8 19° 00" B 32 10° 007 8 33,6 32 b1
P.O, Dox 539 Méwe Point 12240 00" B 190227 00" § 36,9 41 x
Cape Town (Cape)} Kalkbaaj 18 28 00" E 340 087 00°° S 0,4 6 X
Gansbaai 19# 20" 00" E 340 35° 00° § 8,15 19 x
Kalkbaai 18 28" 00" E 340 08° 00 S 5,30 12 x
Allemagne (Rép, Féd.) Deutsches Hydrographisches Bilsum-Scholloch 82 51° 247 E 540 07° 36" N 28 28 4
Germany (Fed. Rep.) Institut Riisum-Tertius B0 40° 16" B 340 06° 35" N 0 30 x
2 Hamburg 4 Bernhard-Nocht-| Biisum-Toons 16 Bo 50° 19" E 540 07 35" N 30 310 x
strasse 78 Eider 80 29 42 E 54 13° 00" N 12 12 X
Flensburg 9 27' 02" E 54° 487 39" N 23 23 x
Kalkgrund 90 53 23 E 540 497 35" N i4 14 x
Westeriand §917° 38" E 540 54" 56" N 24 24 Y
Wittsand 8 05 37 E 530 46 23" N 14 14 x
Olpenitz 0*02’'3)” E 540 39 13" N 2 52 X
Mittelgrund B*3i08”E | 53 58°06” N 12 12 x
Wangerooge 7¢ 55 43 E 530 48" 2" N 27 27 x
Mellum-Plate B2 0537 E 530 46° 23 N 13 13 x
Schachdrn-N. 8*25° 257 E 53058 37" N 29 29 x
Scharhdrn-Riff B* 20" 36" E 530 59 05" N 39 k1) x
Marschenbavamt Husum Tle de Sylt g 1T 0" E 54* 54° 00" N 6 [ x
Wagserwirtschaftsambt
Herzor Adolf strasse |
Postfach 1440
225 Husum




6-9

Canadn

Leichtwelss Inatitut

flir Wasserbpu der T.U,
Pockelstrasse 4

33 Braunschweig

The Dircctor

Marine Scicnces Branch
Environment Canada
615 Booth strect
Oitawa {ont.)

KIA CES§ Canada

Hydrautics Laboratory

Division of Mechanical
Engincering .
National Rescarch Council
Monlreal Road, Ottawa (On,)
KIA ORS Canada

(1) C.0. = Constrwction en plcine mer.
(2) C.C. = Construction 4 It cdie,

(M N. = Nautique,
(4) M. = Méiéorologique.

Ilc de Sylt

Glace Bay,
Nova Scotia
Halifax Harb.
Nova Scotia
Georpgia Strait .
Brit. Columbia
Port Barden,
Prince Edw. Island
Come-by-Chance
Newloundland
Wesicrn 1lcad,
Nova Scotia
Capc Roseway,
Nova Scotia
Osborn Head,
Nova Scotia
Sept Hes, Quehec
Main Duck Island,
Lake Ontarin
Tofino, Brit.
Calunibia

Baitle Island,
Ontario

North Supcrior
Minncsota

Engle [larbour
Michigan

Grand Marais
Michigan

Cap Chat, Quebec

Sept Tles, Quebee

Cap 'Espoir,
Quebee

West Point
Anticosti Island,
Quebec

Heath Point
Anticosti Island,
Quehee

Cape Whittle,
Qchec

Bird Raock,
Mapgdalen Island,
Quchee

North Point,
Prince Edw, Isl,,
Can,

087 15° 00" E

59+ 277 007 W
63° 36" 00 W
1230277 00" W
630 42° 00" W
542 01" [8” W
642 367 10 W
650 19 28 W

63° 277 50" W
6G° 23° 00 W

TG0 407 10° W
125° 54 00*" W

B70 337 00" W
90° 177 09 W
B8 09" 05 W
860 027 04 W
66° 46° 057 W
66° 18”05 W

64° 147 007 W

64° 397 03 W

Gle42° 0F" W
600 03° 03 W

61009700 W

640 06” 00" W

540 55° 00 N

46° 10 24" N
440 39° 00" N
490 167 00" N
460 15° 00 N
470 477 45" N
440 00" 49" N
43037 20" N

440 327 40" N
500 12700 N

430 47° 457 N
49° 09" GO N

48° 41 06" N
470 40° 09 N
47° 33" 01 N
460 45° 09" N
490 107 03" N
490 58° 00" N
48° 20 07 N

49° 487 07" N

499 00’ 00 N
50° 047 09 N

470 5505 N

47007 07" N

M C.o.
{n C.C.
N
{4) M.

x
X
fod

X

x

x

X
x

X

x
x
x
x
x
x
X
x
x
X
X
x
x

Off-shore struclure.
Coastal struciure,
Nautical.

= Mdateorologrcal.

§
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Durée d'enregistrement

Coordonndes piographiques (en mois) But
Geographical Coordinaies Recording Period Objective
Endroit (month)
PAYS Orpanismes 4+ adresses de "enrcgistrement
COUNTRIES Orpanizations + Addresses Recording Site effective scoulée
> 6 mois disdédbut | CO, | C.C.} N M.
Longitude Latitude
cffective | elapsedsince| (1) [¥))} ) @
> 6 months | beginning
East Point,
Prince Bdw. Tsl,,
Can. 610 52° 02 W 46031 4" N 8 x
Cupe North,
Cape Breton,
Nova Scotia, Can, | 60* 16704~ W | 47¢06° 00" N
Presqu'ile Point,
Brighton, On. Tl dd’ 037 W | 4325304 N 12 x
Danemart. Vandbygningsinstituttet Hunstholm FHarb.
Denmark Panish Hydraulics Instit, {MNorth Sea) 08* 35" 31" B 57007 39" N 45 104 x
Boster YVoldgade 10 Hirtshals Harb,
DK 1350 Copenhagen K {North Sea) 00 57 06" B 57035 54" N 9 24 H
Karachi Harb.
{Arabian Sca) 6G» 58" 12 E 240 477 06'" N 23 36 x
Saint-Louis, Sencgal 170 47° 16" B 150 59 157 N 7 24 x
France Service Technique 05003/ 12" R 430 19700 N 12 x
des Phares et Balises
.Raute de Stains 12
91 «— Nonneuil-s-Marne
Laboratoire Wational Dunkerque
d'i [ydraulique (poinis 1-2-3} 020 19’ 10" E 5103 47" N 2 %
Quai Watier 6 Dunkerque (point 4) 01+ 57/ 10" B 5101’ 14" N 10 X
78 — Chatou DPunkerque {point 5) | 0i1*49° 07" E 51* 00" 52" N 13 X
Dunkerque {point 6) 020 12° 27" B 51+ 03’ I5” N n x
Dunkerque époint )| 02008 12" E s1*04' 42 N 11 x
Dunkerque (point 8} | 02°09° 14" B 5[0 02’ 53 N 16 x
Dunkergue (point 9) 02 097 00" E 50t 55" N 10 X
Boulogne-s-Mer . 04e 34’ 28" E 50045 047 N 27 x
Le Havre 00" 08 30" W | 40031’ 55" N 25 X
Barfleur 0l° 157 23" W 490 42° 9’ N 13 X
Granville 0l° 36" 28 W 440 49° 35 N [ X
Buic du Mont-Saint-
Michel 01 497 30" W 480 49° 15 N 55 x
Pointe du Grouin 0149 55" W | 482 45°05" N 23 X
Brest 04% 40" 56" W 48° 19 45" N 7 X
La Turballe 02036° 07" W T 47020015 N 13 x
Phare du Four 020 407 25 W 47° 177 33" N 14 x
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U.S.A

Servico Mcteorologico  Nacional
Rua Saraiva Je Carvalho 2
Listoa 3

5201 Liule Falls Road NW
Washington D.C, 20016

Ancora

Yiana do Castcle

Fcindes

Aveira

Cabo Mondego

Durea do Mondego

Naziré

Cabo Carvoeiro

[iriceirn

Cabo da Roea

Cabo Raso .

Muanie Lstoril

S. Julido

Calcilhas

Cabeo Lspiche!

Qutio

Sines

Sagres

Ponta da Piedade

Praia da Rocha

Alanzina

Cabo dc Santa Maria

Lourcngo Marqtics
{Mazambd.)

Beirn (Mozamb.)

1ha de Goa
(Mozambique)

Assatcague, Md.
Assatcague, Va.
Atlantic City, N.J.
Adlantic, N.C.
Belmar, N.J.

Black Pt Oahu, Ha,
Boca Raton, Fla.
Bolinas Ca.

Bolsa Chica, Ca.
Brigantine, N.J.
Buzzards Bay, Mass.
Cape Cad., Mass,
Cape Decision, Ak,
Cape Flattery, Wash,
Cape Henry, Ya,
Cape Hinchinbrook,

Ak,
Cape St. Elias, Ak,
Cape San Blas, Fla.
Cape Sarichef, Ak.
Carlsbad, Ca.
Carpinteria, Ca.
Centerville, Ca.
Chesapeake Day

Bridge Norfolk, Va.

Chesapeake Beach,
Md.
Clearwater, Fla.

Crystal Beach, Fla.
Daytona Beach, Fla,

80 52° 00 W
80 50° 00 W
8 A42° 00 W
B 450 00 W
#2547 007 W
A0 527 00" W
Yo 05° 00" W
9e 247 00" W
90 25° 00" W
90 30" 00" W

97 20° 00 W [

9 2400 W
90 197 00" W
92 09" 00" W
91V 00" W
B 56" 00" W
#o 53° QO™ W
8o 57" 00" W
840" 00" W
80 327 00" W
80 26" 00" W
7o 527 007 W

120 5T 0N E
e 51" 00" E

40047 03" E

750 09° 20
75 20° 18*
740 25° 53
769 18’ 35"
T4 00" 48"
157 48° 00”
800 04° 0377
1220 41" 04"
1182 02° 10"
740 23 54*°
71¢ 02° 00**
690 57" 01"
134~ 08’ 00"
124 447 05°*
760 0O’ 00

1465 39* 00**
1449 36° 00

850 21’ 23"
1640 55° 00"
1770 20" 43
1190 31° 14"
1240 21° 60*

760 077 00™

760 30" 00"
820 50° 00"
860 26° 36”
800 58° 00

410 49700 N
417 41° 00" N
410 11700 N
AP WO N
400 L1007 N
400 09° 00" N
39036 00" N
39022° 00" N

J380 587 00" N

39°47° 00" N
38242700 N
3B A7 007 N
330 40° 00" N
38¢41° 00" N
38 25" 0 N
387 29° 00" N
370 57" 00" N
372 00° 00" N
3T 05°00" N
308 00" N
3T 05° 0’ N
360 53" 00" N

25¢ 55° 00" §
i9e 50° 00’ S

152 03" 027 8

3ge 11° 30
370 537 24"
321217
380 517 30~
400 107 36"
200 15 007
260 22° 207
3P 54° 177
e a1’ o1
35 23 4"
410 24’ 00
410 517 37
560 00 00"
480 237 30"
360 557 00"

G0° 15° 00"
590 137 00"
29° 40 00"
540 36° 00°°
330087 49"
340 23 35
400 34° 24"

360 58° 00"

38 37° 00**
27 58° 00"
300 237 00*7
29+ 09° 00"
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Durée denregistrement
" Coordonnées géographiques (cn mois) But
Geographical Coordinates Recording Period Qbjective
Endroit (month)
PAYS Organismes 4 adresses de Venregistrement
COUNTRIES Organizationy + Addresses Recording Site elfective dconlée
> 6 mois désdébut | CO. [ CC.I N M.
Longitude Latitude .
effective [ elapsed since| (1) (4] [£)] {4)
> 6 months{ beginning

Deal, NI T4 00’ 307 40 14 41" 20 *x

Decstin, Fla, B0 267 36" 30 23° 00 17 X

Doheny, Ca. 1170 45 037 330 27 437 36 b4

El Capitan, Ca. 1200 01’ 097 340 277 337 36 X

El Segundo, Ca, 1180 25° 00*” 330 55’ 00 57 x

Enderts, Ca. 124» 08° 35** 410 42" 30" 12 *

Fort Walton Beach, .

Fla. 86° 35 06" 300 23° 24 29 x
Francis, Ca. 1220 26" 49" 37¢ 28" 30" 30 b4
Frying Pan Shoals, .

N.C. 770 34 00 330 28° 00"’ 15 X
Galveston, Texas 940 47 00** 29* 177 00" 85 x
Gilgo Reach, LI, N.Y.| 73 25' 00** 400 37/ 00" 47 Y
Goat Rock, Ca. 123 (7* 38** 387267 46 47 X
Grand Isle, La. 900 00’ 00 290 137 45 117§ x
Grand Isle, La, 85 59 00 200 137 00" i6 x
Graylon Deach State '

Park, Fla. 860 08 18" 30¢ 19' 06*° 15,17 x
Hampton Beh, H.H, T+ 477 20 430 56° 30" 147 x
Manalei, Hawaii 1592307 11" 229 12 29" 10 ®
Hillsboro 1nlet, Fla, 80 05 00" 260 15 30°7 210} b
Holden Beach, N.C, 780 177 207 33% 547 36" 21 15 x
Hollywood Beh, Fla, BOv 06’ 48" 260 027 30" 40 x
Huntington Beh, Ca, | 1170 597 14”7 33 38’ 49" 46 b4
Huntington Beh, Ca. | 1187 007 00* 33 38’ 00’ 287 b
Jones Iich, Li, N.Y. T30 317 00 407 33’ 00" 52 X
Jupiter Tieach, Fla. | 800 047 30" 260 58° 157 40 x
Kabului {{urbor, Tla, | 156° 28’ 00~ 200 54° 00°” 13} x
Laguna Beach, Fla. BS5e 557 127 300 147 187 17 ®
Lake Worth, Fla, 80° 02 DD*” 260 43 00* 64 X
Leo Carrillo, Ca. 1180 56’ 17** 340 027 39" 41 x
Long Beach is,, N.J. | 740 10” 56 390 38 147 52 X
Long Lranch, N.J. T30 597 00" 40~ 18’ 00" &6} X
Los Angeles -

(Venice Pier) Ca, | 118° 28 00*” 330 58’ 00" 42 %
Ludlam Is., N.J. 740 41° 30 390 GO’ 09 52 X
Mad River, Ca, 124° DB’ DO/ 400 56 00°° 15 X

: Mackerricler, Ca. 1232 47 40 390 29° 30" 21 x
Manchester, Ca. 1230 42¢ 23% 38e 59° 02 16 x
Mvc Grath, Ca, 1190 15 53 e 147 11" 4] x
Melbourne, Fla. 80° 35 00’ 2% 13 00 144 X
Misquamicut, R.L T1* 56° 30" 41* 18 12" 52 . x
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Moamouth lich, NJ.
Moose Pcak, Me,
Nags Head, N.C.
Naples, Fla.
Natural Bridges, Ca,
Nauset, Maas.
Navarre Beach
State Park, Fla.
Mavarro, Ca,
MNew Brighton, Ca.
Newport, Ca.
Onk Isl,, N.C.
Occan Cape, Alaska
Occan City, Md.
Palm Beach, Fla.
Panama City Beach
(Hillon) Fla,
Panama City Beach,
Fla,
Panama City (St.
AndrewState Park)

Fla.
Pea Island, N.C.
Picdras Blancas, Ca.
Pismo, Ca
Point Areng, Ca.
Point Arguctlo, Ca.
Point ConceptionCa.
Point Judith, R.L
Point Loma, Ca.
Point Mugu, Ca,
Point Mugu (Peg) Ca.
Ponce dc Leon, Fla,
Port ITuencme, Ca.
Port St. Joc

(St.YoscphSt. Park)

a,

Prairic Creck

Redwoods, Ca.
Racc Point, Mass,
Redwook Creek, Ca.
Russian Guich, Ca,
Saint Simon lIs., Ga.
San Bucnaveniura

Ca,
San Clemenie, Ca.
San Elijo, Ca.
San Simeon, Ca,
Santa Rosa Isl, Fla.
Sapelo Ish, Ga.
Savannah Coast
Guard Tower, Ga,
Seacliff, Ca.
Shelter Cove, Ca.
Shert Beach, N.Y.
Silver Strand, Ca.
Shoulhampton Beh,
N.Y.

——— -

T 587 30!
67+ 32700
75936 307
810 487 00"
1220 0y 257
69° 577 00”"

BGo 59° 24**
1230 457 24*°
121 56" 06"
117 56° 16"

78 02’ 00"
1399 5500

750 05° 15"

80° 02° 00"

" 850 537 36

#5447 367

B5* 40° 00"
750 28 49
121* 7 00
1200 38" 34"
1237 44° 15*
1200 397 00°"
1200 28° 00"
7o 29° 00
117 07° 00"
1190 0§’ 42"
1159 09 30°*
800 54” 487"
119209 00"

850 23" 127

1242 04 30~
700137 12
124~ 05 34"
1230 46° 59
872 22° 45*

119° 16* 46"
1170 36 14
1172 17* 30"
1210 047 327
87 16" 06"
8lo 157357

80° 41° 007
1210 54* 44*
1240 03 54

73033’ 257
1172 10° 00

720 247 38

40" 207 30°*
440 28° 30°"
350 56° 00"
26° 08’ 00"
36 517017
41° 51° 30"

e 21° 307
398117 18"
J6° 58° 43"
330 377 06"
330 53" 30
59¢ 327 Q0™
38° 19° 30"
260 427 00"

e 12 24
30° 07 48*

300 05° DO**
54101
335 40° 00"
330 0§’ 29+
38° 57" 20"
340 34" 30
342 27° 00"
4o 217 M7
32029 527
340 04° 42"
340 07° 06"
290 04° 00
340 0T 00

29 45" 36"

412 28 18
42° 04° 45°
410 17° 00°
390 19° 467
3ie 0B 20"

34° 167 08"
330 24" 07"
A 05
350 33 58"
e 19’ 067
31° 24° 08*/

31° 57 00
360 587 1077
400 01" 247"
400 35° 3¢
322 407 00~

40° 51 38"
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A COMPARISON OF THE DRAPER AND SPECTRAL METHODS OF ANALYSIS

This is a part of Hoffman (1974), "Analysis of
Wave Records and Application to Design," Inter-
national Symposium on Ocean Wave Measurement and
Analysis, New Orleans, 1974, Vol. II, pages 235-
253.



The methods of data collection and analysis are closely linked to the specific
application for which the wave data are intended. While for response calculation
of most types the spectrum is ideally suited, the maximum expected wave height 1is the
criterion for determining the height of a jack-up platform above the mean water
level. For long-term statistics the distributions of wave heights and periods
in various ocean zones are required which are often presented in histogram format
giving the probability of exceedance and the frequency of occurrence of such
conditions. It is therefore desirable to establish the appropriate analysis
technique for each application and, furthermore, to illustrate the relationship
between the results obtained by different analysis methods.

A large amount of wave measurement data is available to date only in an
analog form on paper strip charts. These represent data collected over the past
twenty years, such as thousands of records at Weather Stations A, I, J, K in
the eastern Atlantic, and other locations arcund the British Isles, recorded
by pen recorders. During the last few years the development of portable mini
recording devices, along with the advent of the digital computer industry, have
led to more economical data storage such as tape cassettes as well as on-line
digitizing and processing of data using analog to digital converters in conjunc~
tion with a digital computer. While wave records stored on magnetic tape are
usually easy to reduce and analyze, the analysis or transfer of paper strip
charts to magnetic tape are usually time consuming and require variable amounts
of manual work.

A substantial amount of the available wave records in deep water was col-
lected using a Tucker wave meter mounted on small ships or trawlers and a .
standard analysis technique of the data was formulated through the years and re-
cently presented by Draper (1966). Each record, approximately 12 minutes long is
characterized by six parameters including the highest and second highest crests
and troughs about the mean line, and the number of zero upcrossings as well as
the total number of crests. From the above parameters significant wave height
(H. ,,) is calculated, as well as the predicted maximum for a specific steady
staté duration such as three hours. The zero crossing period T, and the crest
period T, are also calculated as well as the spectral width parameter &7 defined

£ = 1 — _E.
T N /]
c

Most of the data analyzed as described above, which include but are not

limited to Draper (1965, '67, '71), are presented on an annual as well as a seasonal
basis including the following:

1) Bar charts of the probability-of_exceedance of Hy/3 and Hyay-

2) Histogram of zero-crossing periods (T;).
3) Histogram of spectral width parameter (eq) -

4) Scatter diagrams illustrating the probability of occurrence
of wave conditions within limited height and period bands such
as usually customary to describe visual wave statistics.

" Two additional presentations sugpgested by Draper (1966) are diagrams which illus-
trate the persistance of a range of wave heights of a given wave condition, once
a threshold height is achieved and the lifetime wave which is an estimate of
the most probable value of the height of the highest wave in the lifetime of a
structure.



A recent analysis of 323 wave records from Station "India" was performed
using a routine similar to .that advocated by Draper as well as spectral analysis,
Miles (1971), All records were originally en strip charts approximately 12-15
minutes long and cover primarily noon records collected over a period of twelve
years (1954-1966) at that location by three different weather ships, i.e., the
Weather Explorer, Weather Reécorder and Weather Reporter. The records were
selected from a list supplied by the National Institution of Oceanography (NIO)
in Wormley, England, and were selected to include all records of Beaufort 6
and above which were. available as well as a fair sample of records representing
Beaufort 5 and below., The spectral analysis was performed using a computer
controlled x~y Bendix digitizer taking 333 samples per inch of time axis by
simply following the curve with a light weight cursor, and then carrying out a
digital spectrum analysis.

The manual analysis of the records was performed at Webb Institute of Naval
Architecture.. For each record, a 720 second period was selected and the number
of creats and zero crossing periods was first determined. In several cases
where the records length was shorter tham 12 minutes, the actual available rec~
ord length was used. All crests were defined as such only 1f a definite posi-
tive and negative slope could be detected. For the purpose of defining the

rara csracging tnardnd +2ha manm 1{na Af +tha rannrd was nanalle talkan ag tha can-—-
ik WS LF mb P:L el [ ¥4 - —4-"11 F ROy SL_Gun R (S8 =3 A LWLV L A1=J Thet WA G L, ‘)’ Lo L= L= L 1 F -

metrical center of the record and adjustments for off center records was only
calied for in a few cases. The number of crests (N.) vary between 140 and 60
and the number of zero crossings (N;) vary from 119 to 53. The maximum height
(Bpax) was the cowbined sum of the highest wave crest and the lower wave trough
in a given record, which varied from 63.41 ft. to 1.00 ft.

Based on the above 3 parameters the following quantities were calculated:

H

where f1 and f2 are a function of E; and E; respectively, and
Tz - N, Tc N
‘where L is the length of record in seconds usually L = 720.

The spectral width parameter ¢y was also evaluated.

N, 2

€p = 1 - ( )

based on the derivation of Longuet-Higginas (1952),

The function f1 was also given above as follows:

=

1

~.|§|

M(ln N.)* + Ly (In
¢ o) v {

where v = .5772 is the Euler number. Values of f, were found to vary between
1.664 to 1.532 corresponding to N, values of 140 and 60 respectively. The func-~
tion f2 is a function of the number of zero crossings and represent a frequency
dependent correction te account for the dynamic correction applied tc the pres-
sutre record as measured by the Tucker wave meter.

H=-2



The frequency response correction f; is given as a function of frequency

and can assume high values for the higher frequency range. Hence, each spectral
estimate is multiplied by a different constant. In the above analysis a meada”

value representing the square root of the frequency response correction must

be applied to the measured height and it is usual to select the constant cor-
responding to the zero crossing frequency. For each of the three ships, a dif-
ferent frequency response correction table was obtained and fg values varied
from 1.020 for zero crossing frequency of .48 rad/sec to 1.872 at a zero cross-
ing frequency of 1.00 rad/sec.

The Hy/3 value obtained from spectral analysis were calculated from the

square root of the area under the spectrum {mms) times ‘"ur, i.e.,
o0
H =4 S{w) do = 4v/m
1/3 (w) o
)

All spectra were represented at discrete frequencies between 0- 2.0 rad/sec at
increments of .05 rad/sec.

The comparison between the H)/3 values obtained by the two methods is il-
lustrated graphically in Figures H-1 - 4, The overall agreement is rather good,
though a slight tendency toward a lower estimate of Hj/3 from Hy,, is somewhat
evident. For the 0-10 ft. wave height group, the approximation technique seems
to slightly overestimate the Hj/3 by roughly 10%. Over the next range of 10-20
ft. as well as 20-30 ft. there seems to be an increase in the scatter about the .
mean line. However, the distribution about the mean line is approximately equal,
indicating an excéllent agreement between the two techniques with a standard
deviation of approximately +2.5 f£t.

The data for Hi/3 larger than 30 ft. are rather scarce; only 14 of the 323
records fall within this range. Most of the data falls below the ddealized
mean line, with only one point above it and two points lying on it. Hence, in
general it can be stated that the predicted Hy/3 is a reasonably good estimate.
This, however, should be further investigated due to the fact that the relation-
ship between Hi/3 and Hp,y shown previously was made under the assumption of a
narrow band process. 1In reality, the value of €y as calculated from the ratio
of Nz and N, varies between 0.20-0.70, rather than the assumed case of ep = 0.

The general relationship between Hyax and Hy/q was developed by Cartwright
and’ Longuet-Higgins (1956) using the distribution of maxima,

Tmax . _[in (1—32)Bi N ] i + %y [ 1n (1—:-:2);i N ) s
A (1 - k)
where 0 = E/mo15
pé = 2 -¢2, i.e., the second moment about the origin
N = the number of crests
gp = the process width parameter
Y = FEuler number
m, = the zeroth moment of the process;, 1rmsg = mﬁk
£

= peak to mean, or mean to trough variation
H~3
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Substituting n and u;

3 ; ;
2 o [ @) IN]? 4wy [0 a-e®)* NI%}

s}
Substituting for mg the generalized expression for e # 0

H
m% - A3 g L2y

g
B3 1 -e2/2)% = E{[ln (1-62) % N ] %y by [1n (1" ] ‘!5}

/2 H
_ _ 1/3 { PR 5 o\ —35}
2 g = H =t [ In (1-e2)” N + Yy [1n (1-e2)° N
max max 2(1_€2/2)$§ :l [ ] .
Hmax = H1/3 fl
£ = In (1 - Ez)% N + Ny [ln {1 - 82)55 N} 1
1 ) L
(2-¢?)
for =10
fi = fl = (; [ an N);i + %y (In N)_Ii ]

where N is the number of zero crossings (Nz) which is equivalent to the number
of crests (N.).

Values for ep were calculated using the relationship between N, and N, and
it was found thar the range of fl shift upward by approximately 8-10% hence,
causing an equivalent decrease in the predicted Hj/3 value.

This, however, was offset by a correction of approximately the same order
to the Hjs3 values calculated for the spectrum as a result of inclusion of €
in the following relationship:

By = 4(1—52/2)ls Voo

Values of ey calculated from N; and N, were compared with those obtained
by the second and fourth moment of the process -gg. It can be generally con-
cluded that in spite of the fact that the difference in the order of 40-50%
existed between the Hj/3 values obtained by the two methods the general agree-
ment shown in Figures H-1 - 4 was maintained.

Comparison of the zero crossing period T, estimated for the record with

the calculated zero crossing period as obtained from the second moment of the
spectrun, i.e.,

H-6



are of a rather poor quality. In most cases, the predicted period was in the

order of 10-25 higher than the calculated Ty and only 10~15 records out of 323
were approximately equal or lower than the T, calculated. In general, the Té

values were in closer agreement with T-] or Tj respectively as illustrated in

Figure H-5.

The relatively large error in T and £ is expected bacause of the crude way
of measuring N, and N, directly from the strip chart. It should be remembered,
however, that even though the absolute value of T and € may be in error the dis-
tribution of the data is valid and is extremely useful for a quick relatively
inexpensive analysis of waves in various ocean zones. It should also be noted
that the large differences in T and £ between the two techniques as compared to
the relatively good agreement of the H ratios can be logically explained.
While H1/3 is related to the zeroth momént of the process T is a functiop of .
the second moment and € is a function of the fourth moment both of which are
more dependent on the tail of the spectrum. At this region, the Tucker wave
meter results require an increasingly larger frequency response correction func-
‘tion which is often of a magnitude larger than the rest of the lower frequency
range. The tendency may therefore be to exaggerate the spectral ordinate in
the tall of the spectrum in some cases, which in turn will cause a larger mo-
ment with 2 corresponding greater increase with fourth moment. It will also
affect the value of e, as shown by the expression below

2
: m
e e - —2
8 Wy,
m2
As a result of =2 decreasing the term under the radical sign gets larger and

m
hence € increases?

The comparison between the predicted and calculated zero crossing periods
and the spectral width parameter is illustrated in Figs., H-5, H-6, respectivaely,
It is apparent that in the case of the period, the prediction method is geneoral ..
higher than the calculated Tz by 10-20%. The spectral width parameter £ as ob -
tained from the number of crests, is generally much lower than the calculated
value from the moments of the record in the order of 20-30%.

A comparison of seven records all having a period T, between 8.5-9.0 seconds
and Hy/3 between 11.50-15.00 ft. is given in Table H-1 showing the characteristic
parameters as obtained by the two methods. It is evident from the table that
the mean value of Hy/3 is extremely close by both methcds and Tz corresponds
better to a period lying somewhere between T.j and Ty, the energy average par-
iod and the average wave period respectively. The mean deviation of epis sub-
stantial and amounts to about 25%.

It is further illustrated that the values obtained from the analog recoris
are consistent and the deviationm about the mean, though somewhat larger than
that of the values obtained from spectral analysis are all the same, which is
extremely useful In defining wave conditions at various locations.

It should be also noted that for several of the records the Hjy3 was cal-
culated by averaging the 1/3 highest peak to trough heights over the length of
the record. The results obtained were within 3-5% of the calculated Hj/3 from

7
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TABLE H-1

Comparative Results of Two Wave Analysis Methods

From Spectral Analysis From Analog Record
Record —
No. 1/3 Ty T Ty s H1/3 M nax 1,  r Ne

182 13.45 9.33 8.56 8.11 .624 15.34 22.07 8.89 .391 :90
224 14.01 10.60 8.84 8.02 .700 14.44 21.48 9.35 .586 95

e 1

7 a &1 a 19 a 9L £9a 1. 14 O Lec
I o LU A O FaiJd «H0J o3

24 11 4 1
£0 ALy F e Qeidi QL «0LO 4

265 13.58 9.80 8.98 8.44  .658 13,87 -19.80 9.35 .586 95
268 14.57 9.81 8.86 8.31 .662 13.50 18.75 9.11 .513 80
273 14.90 9.76 8.73 8.20 .638 16.20 22,50 9.00 .553 80
277 14.78 9.94 9.00 8.29 .687 14.60 20.79 9.86 .585 75
Mean 13.87 9.83 8.82 8.24 660 14.00 20.03 9.27 .526 86

the spectral area. The only correction to the actual peak-to-trough heights was
a constant correctlion for frequency response, which was applied using the value
corresponding to the frequency of the spectral peak.

The excellent agreement between the values of Hj/q calculated by the dif-
ferent techniques is of great importance and is indicative of the flexibility
of the Draper method of analysis., Although when comparing individual records
some substantial deviation may occur occasionally, for statistical purposes
where the mean 1s required, excellent agreement is shown in Table H-1 for H]/3.

- If T, is taken as the mean of T_.) and T1, a close approximation results. It
is felt, however, that the discrepancy in the periods by the two methods is of
concern.

The preceding comparison is of further significance since it covers both
the most comprehensive and the simplest possible approaches to data analysis.
Several other methods fall in between these two techniques., For example, the
rms of the record can be determined directly from the record, and hence,
the significant wave height. 3$imilarly, by analyzing the peak-to-mean
distribution of the record, the H]/3 can be directly obtained, as mentioned
above.

The degree of sophistication that should be applied to the data analysis
should be compatible with the method used to collect the data, If the latter
is deficient, it may be useless to carry the analysis to a high degree of
accuracy. In the above example, the source of the data in both cases was
identical, 1,e., paper strip charts recorded by a NIO Tucker wave meter,

The limitation of the NIO recorder at high frequencies is known., It ghould,
however, have a limited effect on the zero-crossing period which is a function
of the second moment only.



The broadness factor, e, is a function of the fourth moment which is more
dependent on the high-frequency tail of tlie. spectrum, which may be affected
in both techniques by thé nature of .the record obtained from the Tucker meter.
The discrepancies are therefore ldrge and very little similarity exists between
results obtained by the two methods,

The purpose of the preceding evaluation was two-fold:

‘l, To evaluate the Draper technique by comparing with
spectral analysis and hence provide a criterion of accept-
nmnn Frm o Toawmsea amacesd ol dasma o Aader AT armad }.i

i
ance ior thée Large amdunt oI aats alre €84y ata.ayLed oy «

technique.

[V}

2. To determine the extent one is justified in using it for
general analysis of strip charts.

The complete answer to these questions can only be given in terms of the
ship responses as predicted using one source of wave data or the other., If,
however, one has to judge. the reliability of such data based on the wave
characteristics only it is apparent that the method proposed in Draper (1966)
only provides a partial answer, i.e., a good estimate of the significant wave
height, but fails to supplement it with additional required information such as
the period or other parameters of interest.

H-10



APPENDIX I

SAMPLE MEASURED SPECTRA



16-17 NOV. 1971
i — 0900 hrs

....... 1200 »

Sample from: Saetre, H.J., "On High Wave Conditions in the Northern North
Sea," Institute of Oceanographic Sciences, Surrey Englend,
Report No. 3, 1974.

This report containsg an analysils of waves measured durlvg three winters by
M/V Famita in the northern part of the North Sea (77Y 30" N, Y o0a! E). The 41
spectra were selected from the slx most severe storms in order to study growth
and decay of the spectra. It Is concluded that storm spectra Lrom the North Sea

(and North Atlantic) have the same form and that theilr shapes are similar to the
JONSWAP spectrum, i.e., the spectrum has a much sharper peak than the Pierson-
Moskowitz spectrum. In general the wave spectrum 3 hours before the spectrum
with maximum total energy is sharper and has more energy in the peak frequency
band. For example, compare the spectra for 1500 and 1800 in the above sample.

Saetre finds good correlation between parameters derived using the moments
of the spectra and those derived by Tucrker's method of visually inspecting the
£

ve record ral m{_dth

t+t in th cavo of gnoet )
T 1 Asee o speoiTy

o
LI Lie U

Bagsed on all the records collected over the three winters, he draws the
following conclusions from the long term statistics: The Gumbel probability
distribution gives the best fit to the complete time series. The Gumbel proba-
bility distribution gives higher extrapolated, predicted wave heights than the
Weibull distribution applied to the same data set,

1-1
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Sample from: Miles, M., 'Wave Spectra Estimated from a Stratified Sample
of 323 North Atlantic Wave Records,”" Report LTR-SH-1184,
Division of Mechanical Engineering, National Research Council,
Canada, May 1972.

This report presents.the 323 spectra and describes the analysis procedure
used to compute them. As shown in Table 1 in this report {(frequency response
correction functions), the correction factor for the OWS Weather Explorer becomes
extremely large as frequency increases. For this reason, records from the
Weather Explorer should be regarded as questionable.

These records were not selected to represent fully developed conditioms.
Except for 16 records selected in order to facilitate a short study of spectral
variation with time over limited periods, all records were taken at noon and
ware chosen randomly to represent the total range of comditions encountered.
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Sample from: Ploeg, J., "Wave Climate Study -- Great Lakes and Gulf of
: St. Lawrence," SNAME T & R Bulletin No. 2-17.

The data tabulated by Ploeg includes Hys3 and peak period w,. The spectra
are available only in the form of plots., Tabulations of spectral ordinates were

never made. Of the 4,000 spectra, there are only approximately l0 spectra
with H1/3 > 16 fr,
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Sample from: Larsen. L,.H. and Fenton, l}., "Open Ocean Wave Studies,”
et oo Wttt e ey lrest o of Qeeancegraphy, DATA

| . . § " ] ,

Lhits e § oot e e g o i A vibrating wire pressure
transducer (vibratruvi; placed ou Liue Lop of (obb Seamount in the North Pacific,
The first volume of this report (Discussion of Data Analysis) provides a complete
description of the instrument used and the method of analysis.

The vihbrarrow s wn osxtrercly acrurate qnd low noise instrument throughout

its recordi v v b o the sty nr 0 0 pebiable,  The authors include
a compari SR I N O R ol wave meter onoa ship above
Lhie Sogmee 7 b o T O EEETY BT UNETRE N A B

e b i “hut ol L Sewsount ws socaled near major Pacific shipping

;! P
rouces (4069 46,4 N -~ 1309 48.8" W).
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Sample from: Lockheed Shipbuilding and Construction Company, 'Instrumentation
and Analysis of Data Collected on the S$.S. Japan Mail and the
5.8, Philippine Mail from December 1971 to July 1973," Report

[ Ry T ey, B 1075

This report describes the data reduction techniques used on data gathered
with Tucker meters installed on ships crossing the Pacific. The method described
is not unusual and the description of it is straightforward. They fail, however,
to mention several factors of crucial importance,

In almost all cases, the ship is traveling at a speed of approximately
20 knots. This means that the frequency measured is actually the frequency of
encounter. If the direction in which the waves are traveling and the heading
and speed of the ship are all known, the frequency, of encounter can be related
to absolute frequency. This information can be extracted from the ships logs
which accompany this report.

If the waves are not predominantly from one direction but consist rather
of a combination of local wind waves and swell, as is often the case, then
measurements from the ship at speed cannot be analyzed to give the true spectrum,

motion on thg Tucker wave meters have not been

I-5

o et o s e J—



DATE = S7 3750
HOUR = 2
INTAL OF =l4%

T T Y L ]

FRE. WWIT=FY 7 FILTEREG =MOISE CORR.FT.2 Uubbek LQuER

HINCCASTING SPECTRR CORPUTED APRIL 1943

av. ta 1. RECDND = gnCz0l
SIG.MGT. = 21.7  UPPER wil. = Py
CORE. VAR, =  32.1 LOWER W), = 2.4

WOIEE LEVEL = D09 WIND SPEED 40

I T I R B R B B T B B B I N R I R S R A S B R N R R R R ]

[y

L1039

~0887
s1027
1393

s

Tuddbswd & 20c+00  J.18040)
L 4

Juiial
"

-

[
LESRERREARRRNRNRFes

TILraeasnees

LOMPUTED  APAIL 198D
]

A 290%E+02

<

AVERAGE =
a

F

2

s
HINOCASTING BPECTAA

LaBRE-C8 P.i0i-0L (.45EdD0 F.T5Ee00  F.SFE+O0 4. 3W+D0 3, 31L+00 $.%36030
»

o

3

2

E
WOuReZ L

Sample from: Moskowitz, L., Pierson, W.J., Jr. and Mehr, E., '"Wave
Spectra Estimated from Wave Records Obtained by the OWS
Weather Explorer and the OWS Weather Reporter," Parts
1, 2 and 3, New York University, College of Engineering,
Research Division, Department of Meteorology and Oceancgraphy,

November 1962, March 1963 and June 1965.

These data were collected to study the shape of fully developed spectra.
Hence, the spectra included cannot be considered a random sample of typical
spectra encountered by ships.
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Sample from: Pickett, R.L., "A Series of Wave Power Spectra,"
. Unpublished manuscript, IMR No. 0-65-62, Marine
Science Department, U.S. Naval Oceanographic Office,
Washington, November 1962.

These spectra were measured at Argus Island Tower (31° 56' N, 65° 10" W)

in 192 feet of water. The effects of this limited depth must be comsidered in
dealing with these 8pectra.
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Samples from: TFerdinande, V., Delambre, R. and Aertssen, G., "Spectres de
Vagues de 1'Atlantique Nord (Sea Spectra from the North At-
lantic),”" Association Technique Maritime et Aeronautique,
1975 Session.

The spectra included in this report were made using the Tucker Shipborne
Wave Recorder on French naval vessels in the North Atlantic. The measurements

were made while the vessels were at speed and corrected using the equations: ?
- 2 ¥ |
w = W= w°— cos U i
e g i
- v e
Sg(w) = (L - 4 2 w, €O uy< 8 (we)

where V is the ship speed, we 1s the encounter frequency, and u is the angle :
betwesn: the direction in which the ship is traveling and that in which the waves
are traveling.

The dynamic effects of the ship motion on the Tucker wave meter are not
considered in the report.

Based on the spectra included the authors conclude p = 4.9 and q = 3.5
provide a better mathematical approximation than the usual choice of p = 5 and
q = 4. Based on similar work done at Webb with a much larger group of spectra,
we cannot support this conclusion. See text, chapter V. .

I-8

. S, - TR
B I I PRRRE - v > ®



R R RTINS

REMARKS ON OCEAN WAVI i ik 1 it

AND THEIR AUPLIC 0 oo ool e v

|,
[E RN BT It |

VLR D e e

AR RN |

RO NI




Statistics and Random Variables

In 1949, when J.W. Tukey wrote a paper eatitled "The Sampling Theory
of Power Spectrum Estimates", a new technique became available to study ocean
waves. The total variance of the wave record could be resolved into fregquency
bands in such a way that the contributions to the total variance from different
frequency bands could be graphed or tabulated as a spectrum. A highly cor-
related time history and a highly correlated covariance function were replaced
by a sequence of essentially independent numbers in frequency space that

formed the spectrum,

There are important parallels between spectral estimation and the estima-
tion of the variance of a normal population. Given an independent sample of
size n from a normal population, the mean and the variance can be estimated
from the sample, The estimated mean has a "student t" distribution, and
the estimated variance has a Chi-Square distribution with n-1 degrees of
freedom. A fiducial confidence interval on both the mean and the variance
can also be constructed. The essential point, however, is that these estimates
of the parsmeters are both random variables and statistics.

In the spectral analysis of an ocean wave record, an estimate of a function
called a spectrum is found. Just as in the example from the normal distri-
bution where p and 02 must be distinguished from x and 82 (the mean, u,
and the variance, 02, are unknown constants, and the second two are random
variables that are estimates of p and 02), the spectrum of the population
from which the sample wave record was taken as defined by S{(w) must be
distinguished from the estimate of the spectrum at a finite number of fre-
quencies, as in

and ths sarand twn avra vandnm

§(wj) wy = 2ny [2pat j=0top

The point of the paper by Tukey was to show that, with the method he used,
every other estimate was independent and that these estimates had a Chi-
Square distribution, whose degrees of freedom were known, The values of

(wj) are random variables, Fast Fourier Transforms (FFTs) make it possible
to estimate spectra such that all values of the spectrum are independent.

Since each point on a spectrum estimated by the techniques of Tukey
either as originally proposed or in terms of the more modern square filt
smoothed FFTs, is a random variable, the complete spectrum is a random
function, Or stated in statistical terms, if S(w) is the true, but unknown,

spectrum of the infinitely long stationary time series, and if

mj+Aw/2
Moj =/ S{w) dw = S(JAw) Aw
w

j-Aw/2

]
er

then the variance in that band is estimated by

-~

My = S (48w)  Aw
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The expected value of Moi is given by

E (Moj) MOj

and M ., has a Chi-Square distribution with an unknown scaling parameter,

M ., with the aegrees of freedom given by luKey in which ™ is unknown
na in which M_, is an estimate of it in exactly the same slnse as

0]

is an estimate of o2 in a sample of size n from a univarjate normal pop~
ulation with a zero mean.

The spectral estimates, S(JAm), i=0, l,,.p, in the older method are
weakly correlated in that §(jAw) is not independent of S((j+1)Am), but in-
dependent in that §(jAw) is independent of S(qiw) if q # j-1, j, j+l. 1In
both cases, however, since each spectral estimate is a random variable,
each and every one of the spectra that have been estimated from ocean wave:
records over the course of the years is a random function. Plotting the
90% fiducial confidence intervals on a number of spectral estimates with
typically 50 to 100 degrees of freedom, is a convincing way to learn how
poorly the true population parameters have been located.

In the same sense that each spectral estimate is a random variable,
it is also true that each spectral estimate is a "statistic™ and that the
entire sequence of frequency ordered spectral estimates is a sequence of
"statistics". It is true that these "statistics" are computed using a

hland AFfF Pajivrdor 4 +
Uiena OI rourier saries Cconcepis Plua perablllStiC Ccncepts. The S?ectral

estimate is some linear combination of the observed data where the linear
combination involves trigonometric terms; it is nevertheless a statistic.

Target Populations

In statistical sampling theory, the first requirement is to define
the target population to be sampled, If one is interested in selling
clothes for 10 year old girls in New York City, it does little good to
study the sizes of 5 year old boys in Manila. Only in the study by Moskowitz
(1964)F* which led to the so~called Pierson-Moskowitz spectrum, was the target
population defined and only in that study was it shown that the spectra
could indeed have been samples from the target population. In each of five
different wind speeds, the target population was the spectra of those records
that might be obtained for "infinite" fetch and duration, generated by a
wind blowing for a long time with a constant speed and direction over an
infinite ocean. It was postulated that, for the wind speeds actually used,
"infinite" duration and fetch were actually fairly finite as to the time
the wind needed to blow and the distance over which it blew., All other

* Note that the first word in the title of this paper is "Estimates".



spectral parameterization procedures that have been proposed have ignored
the two most essential aspects of statistical procedures, namely defining
the target population and proper consideration of sampling variability.

Since this study by Moskowitz is more than a decade o0ld, much could
be learned by repeating it, using better calibrated wave data and FFT
spectral estimates, a much larger sample, and the correct application of
the Kolmogorov-Smirnov test (Crutcher, 1975). Of great importance would
be a careful study of the high-frequency tail of the spectrum. The equili-
brium range probably does not exist.

A second important situation where a target population can probably
be defined is that of the fetch-limited case. To simplify things, it would
be useful to use wave records where the upwind end of the fetch is land,
where the wind is always from the same direction, and where the range of
admissable wind speeds is severely restricted to one or two knots. The true
population spectra would then be functions only of wind speed, since the
fetch would be fixed,

For the open ocean, far from land, in a region where a continuous
procession of transient cyclones and anticyclones moves by, the target
population is difficult to define. An attempt to define a third target
population is, however, necessary.

Consider, for example, a peint on the ocean surface, and a circle
around it with a radius of 10 nautical miles, Now imagine a wave record
taken for 20 minutes for every two-mile intersection on a square grid inside
this circle, all} starting at the same time. There would be about 78 such
records, No two would be exactly alike, and the correlation between nearby
records and spectra would be vanishingly small. If each spectrum were
estimated over exactly the same frequency bands for exactly the same algorithm,
these 78 different spectra could be averaged. The average would still be
a random function, but the confidence intervals would be about one-ninth
as wide as those for one spectral estimate. The target population spectrum
is then some spectrum,probably within the 90% confidence intervals of this
averaged estimate., The individual gpectra from the 20-minute records
should fluctuate about this "averaged" spectrum in ways predictable from
sampling theory,

‘The target population is the limit in an infinite number of degrees of
freedom of this kind of spectral estimate at each grid point of the model.
If wave spectra could be estimated with 5000 or 4000 degrees of freedom, as
opposed to about 30 to 100, many of these problems could go away. A recent
study by Pierson (1975) suggests that this may indeed be possible if wave
imaging techniques can be further developed.

Wave records taken for longer times at a point are usually not the answer.
Increasing the record length from 20 minutes to 2,000 minutes (33 hours) leads
to problems of changing wind speed and direction over the longer recording
tine,
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As an exception, in the trade wind areas of the world oceans, it might
be a most interesting experiment to record wind speed, wind direction and
waves for several days continuously. Except for swell from some distant
source, that will usually be in different frequency bands, this long record
may respond only to the minor (?) fluctuations in the strength of the trades.
Its analysis could provide a very precise estimate of the spectrum of a target
population with sampling variability greatly reduced,

Numerical Wave Prediction Models

Insofar as a numerical wave forecasting and wave specification (or hind-
casting) method that attempts to describe the spectra of wind-generating gravity
waves and of swell is a valid method, it can only hope to predict, or specify,
the expected value of the wave spectrum that will be observed at a particular
point on the ocean surface {or in a particular area) for a particular time
(+20 to 30 minutes) of observation. The actual spectrum computed from a
wave record at that point in space and time will not, and canmot be expected
to, agree with the predicted spectrum in exact detail because of the fundamen-
tal nature of the waves. The random part of the problem cannot be predicted.
The target population is the third example given above in the most general
case and at various points in the model at various times, the target population
becomes either a fully developed sea or a fetchor duration-limited sea.
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be varified against S(w). In this context, it should be emphasized that all
theories of wave generation and propagation are really working with S(w), and
S{w,¥), and are only indirectly concerned with the problem of verifying what
they predict in terms of actual data. It may be, though, that some of the
more recent aspects of wave generation theory have falsely attributed certain

effects of sampling variability incorrectly to some physical cause.
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A numerical wave forcasting theory can be wrong in several different
ways. One way is that the idealized spectrum, S{w), is really not an adequate
description of the true population spectrum., A second is that the physics
of wave generation, wave propagation and wave dissipation is not correctly
modeled. A third would be that the winds that "generate" the waves are not
given correctly, Even if perfectly correct in all three of the above ways,
there would still be the problem of comparing the numerically predicted
spectrum with the estimated spectrum, using valid sampling concepts.

Curve Fitting Procedures

The great danger in the present procedures for curve fitting spectral
estimates lies in the lack of appreciation of the fact that they are indeed
estimates with a substantial sampling variability. Insofar as these "estimates"
are equated, without considering the consequences, to the true, but unknown,
spectrum of the conceptual population for the seaway under consideratiom, then
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a wistake is being made, The consequences of this mistake are hard to define,
but they are nevertheless present,

Numerous fundamental points arise as to the best way to use estimated .
wave spectra, as random functions, in problems of naval architecture. It is i
here that various deterministic and probabilistic concepts are in sharp con- :
trast and even, at times, sharp conflict,

For example, in towing tank studies a long-crested approximation to a
random seaway can be generated, The response of this model to that seaway is
in principle a deterministic problem in hydrodynamics., The fact that the
apectrum of the seaway produced might depart substantially from the prototype
wave conditions that attempts were being made to model is not critical. For
example, a modeled spectrum that was twice too high in a given frequency band
would produce an ocutput in a linear theory that was twice too high in th

e
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function that was used would still be the correct one.

The real problems of Naval Architecture should be concerned with short- ¥
crested seas., Under these conditions, the coherency between the ship
motion and the forcing waves is not one. Most of the research in the time
domain in towing tanks does not carry over to real oceanic conditions. Model .
tests are quite different from observing the waves at one point on the ocean, !
obgerving a ship's motion in an area a few miles away and then trying to re-—
late the motion spectra to the wave spectra, (Someone might try this as a
thesis in naval architecture; nearly everyome will be interested in the result).

The lengthy debate over the I55C spectrum and the validity of the free
choice of the two parameters A and B, as in,

S(w) = Aexp (-Ba ) /ud

has never properly defined a target population, never checked on whether the
gpectral form lies within the appropriate limits of the variable estimates,

and nevar lookad at the gamnline wariahil4i+yw of A and B ag multinle spectral
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estimates from a target population. Were this done it would now become clear
that the model is inadequate.

The new spectral parameterization technique used in the JONSWAP program
is even worse., The procedures fail to account for sampling variability effects
and stratify the spectra by using the "estimate" that was accidentally
the maximum. Its routine application 1s guaranteed to provide biased spectra
for design purposes in naval architecture. A paper has been written on this
particular subject, Pierson (1975), but has not yet been published.

Attempts to parameterize ocean wave spectra in terms of analytical
functions and two or more constants, to be defined, are motivated by the
idea that the new function is somehow better than the spectrum that was fitted.
Even this is debatable, To use the resulting spectral form, it must be
evaluated at a set of frequencies and multiplied by appropriate transfer



functions so that the result will predict various ships' motions, Are these
predicted motions any better in any way from those that would be predicted
uging the original spectral estimates for each frequency band?

Other Parameterization Techniques

Various attempts have been made to stratify spectra according to wind
speed only and according to non-dimensional concepts., The Pilerson-Moskowitz
spectrum used a non-dimengional frequency, £ = £ U/g, where f is frequency,
and U is wind velocity. 5 (f) had a non-dimensionalized form independent
of F and t (fetch and duration). This may have been an accident, since more
recent results suggest that the equilibrium range does not exist for high
winds, There are also reasons to doubE that s{(f, U, F, t) can be non~dimen-
sionalized to the form S(f U/g; g F/U ) for t large and F finite, and

S(f U/g, £ t/U) for P large and t finite,

For U alone fixed as a parameter, the family of all possible spectra
for a given U does not seem to have a properly defined target population even
for one single location on the ocean, as shown by Moskowitz, for example.
The sample space will have to be defined in terms of a distribution of distri-
butions, and this is difficult to formalize. This is the concept of a strati-
fied sample, somewhat analogous to the sampling techniques of political
pollsters.

Another popular technique (as for example in the JONSWAP project) is the
ugse of a non-dimensional frequency given by f = f/f where f 1s the fre-
quency of the spectral maximum for the estimated spec?rum. As"shown in a
recent paper (Pilerson, 1975), this procedure is fraught with difficulty.

Concluding Remarks

All in all, it seems that the need to think about the basic meaning of
spectral estimation, sampling variabilicy, the terms "statistic™ and random
sample, and the concept of a target population should precede curve fitting
techniques applied to individual estimates of spectra. Before further debate
about present spectral parameterization techniques and before other new ones
are attempted, the following questions need to be answered:

1, What are the target populations?

2, What causes the parameters of the target populations
to vary as a function of the physics of the waves?

3. Can sampled spectra be picked such that the parameters
of the target population are fixed, and then can these
parameters be in turn estimated from the spectra esti-
mated for these conditions?

4. In what ways, if any, do parameterized spectra yield
more useful results than using spectral estimates £

a set of actual wave records?

. s
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So at the present state of wave data collection it is recognized that
the target population cannot be defined as precisely as might be desired,
This does not mean that this goal connot be accomplished in the future as a
better understanding is developed of the climatology of waves. Essentially,
samples from different populations have to be combined, and the overall pro-
bability distribution for a new kind of climatological population needs to
be derived.

One segment of the target population is the fully-developed seas gene-
rated by a wind that is comstant in direction, without contamination from
other storms or swell, It would be grossly inaccurate to use this as the
entire target population of seas expected to be encountered by ships, since
account must be taken of waves caused by both growing and decaying seas, of
effects of sudden wind shifts, of combined effects of different storms and
of swell,

In this report it is assumed that without defining the target population
precisely it is possible to make a useful stratified random sample of spectra
at specific locations. It is recognized that the sample must be stratified
over all seasons, so that seasonal variations can be included, It is recognized
that results apply only to the location where the samples are taken. However,
when results from several locations are compared (as, in this case, Stations
I, K and P) limited judgments can be made regarding the variability with
geographical location.
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APPENDIX K

A COMPARISON OF WAVE BUOY AND

HINDCAST WAVE SPECTRA

By

David A. Walden



Introduction

Wave data for the month of March 1975 were obtained from the NOAA Data Buoy
Office for buoy EB-03 located at 56,00 N - 148.0° W in the Gulf of Alaska.
These data consist-of spectral ordinates for frequencies from 0,01 to 0,50 Hz.
in 0.0l Hz increments, The spectra are based on lé-minute samples taken every
three hours,

The predicted directional wave spectra produced by the Fleet Numerical
Weather Central (FNWC) Spectral Ocean Wave Model (S0WM) were obtained from the

Rzl Nom v mreas ae Tt MALEEL nn Thaosa mcmalooon P T cade
Naval VOCadllUglapllle Vil LLe, Lllﬂﬁc dlldJ-.yl-l'—'u b[-)t::l-l.].ﬂ are uaauu ot Lll.c oL

available wind data, including measurements and the previous wind hindcast. They
differ from the spectral forecasts produced by FNWC, which are based on wind
forecasts. Beth hindcasts and forecasts include the wave state of the previous
hindcast. These spectra, again for March 1973, are the hindcasts for a com~
putational grid point located at 56,236° N - 147,537° W, 15 nautical miles ENE
of EB~03, These spectra consist of 180 numbers, representing rhe spectral
varlance in 15 frequency bands for 12 directions, which are computed every three
hours with winds updated every six hours. If at each frequency the variance is
summed over the 12 directriona. the one~dimensional freauencvy gsnectrum for a Q'rid

[EE S = -t LClos IRV ~s =pr=-

point can be derived.

Wave Heights and Periods

The first step in this study was to plot Hyy3 and T; from both FNWC and

EB-03, versus date. These plots are shown in Figs., K~1 and K-2, It can be

seen from Fig. 2 that the Ty results from EB-03 are usually lower than the results
from FNWC, This is due to the fact that the plots are based on the assumption

that the highest frequency for the FNWC spectrum is 1.03 rps, while the buoy
spectra extend to 3.14 rps. It has since been learned that the FNWC high frequency
band extends from .164 Hz to .400 Hz (1.03 rps to 2.51 rps).

is defined by

H1/3 = 4 m s and

T1 is defined by,

H‘1/3

E’oﬂ

T = 2m
! 1

@

n
%!ﬂ Sc(m) w dw

V)

where m,, W are the moments defined by m

The effect of the high frequency taill of the EB-03 spectra is to make m)
larger and therefore T)] smaller, Figs. K~3 and K~4 show Hj/3 and T; versus date
with Hjsq and Ty computed from EB-03 spectra which are cut off at 1.068 rps.

It can be seen that the agreement is greatly improved for wave period and slightly
improved for height,



Since most response RAO's of medium-size ships have significant values
at frequencies above 1.03 rps, the FNWC spectra which, in its present form, lack
definition in this high frequency are not ideally suited for predicting the
motions and stresses of such ships. Thus the.inclusion of only one band from
1.03 to 2.51 rps is a significant shortcoming. As can be seen from the effect om
T}, the lack of accuracy in describing high frequency components significantly
affects higher moments of the spectra. Figs. K-5 and K-6 show the skewness ¥y
defined by y = mg/m23/2 for the FNWC cut off at 1.03 rps spectra and the EB-03
spectra with and without the tail. The lines are least squares fit to the data
points. Also shown is the ISSC relation between Y.and_H1/3

Y = 6.1458 Hyj3+

The results for another shape parameter, flatness, defined by B =_m4/m22, are shown
in Figure K~6, Similar results from Statioms "I," "P" and "K" indicated a fairly
close agreement with the ISSC line., Thus, the large scatter of the EB-03 data
with the tail included about the ISSC lines, compared with the scatter of the
Station "P" data, raises some doubts about the buoy results, particularly the

high frequency tail which strongly affects m and m,.

Groups of Spectra

The next step was to create a group of spectra based on Hj;3. The spectra
selected were those for which Hj /3 was between 2 and 3 meters for both FNWC and
EB-03 at the same times. Eight such spectra were found., The results are shown in
Figs. K-7 and K-8, 1In spite of the selection of spectra where the wave height
agreed fairly well, the agreements between the means is poor. This difference
is important in predicting ship responses.

The next group was of 8 spectra from comsecutive observation where H} ;3 ranged
from 1l meters to 3 meters. Again the weans, as seen in Figs. K-9 and K-10,
show poor agreement. The last group was of 8 consecutive spectra including the
largest Hy/3 value (7.0 m). Figs, K~11 and K-12 show that the magnitudes of the
means do not agree, Fig. K-13 shows the non-dimensional means, It can be seen
that the means are in only fairagreement with each other and with the IS5C
spectrum, but the shapes are similar.

Individual Spectra

A one-to-one comparison of the spectra near the peak of the H;/3 versus date
curve was made, These results are shown in Figs, K-l4, K«15 and K~16, and in
non~dimensional form in Figs. K-~17, K-18 and K~19. The poor agreement in Figs.
K-14 - K-16 and the somewhat improved agreement in the non-dimensional Figs. K-17 -
K-19 shows that there are large differences in significant height, H1/3, and mean
period, Tj, but that some similarity in spectrum shape exists.

At the suggestion of Professor Plerson, the confidence intervals for the
EB-03 spectra were investigated. The 907 confidence intervals based on the 36
degrees of freedom at each ordinate are shown in Figs. K-14, K-15, K-~16 and K-23.
It can be seen that even 1f the actual spectra corresponded to the extremes of
the confidence intervals, the agreement with the FNWC spectra is still poor.



Professor Pierson also suggested that the disagreement near 27 March might
be due to an error in the arrival time in the FNWC model. For this reason,
Fig, K-~23 shows the FNWC spectrum for 1200Z 27 March and the EB-03 spectrum for
1200Z 26 March, Significant disagreement 1s still apparent,

The non-dimensional results also show good agreement with the non-dimensional
ISSC spectrum., This is expected since these cases approximate the pure fully-
developed, wind-generated sea on which the IS3C spectrum and the FNWC model are
based.

Fig. K~20 is a scatter diagram of FNWC H] /3 versus EB-03 (based on the
full spectra out te 3,14 rps). The leat squares lines through the origin has
slope 1.2, which indicates that the FNWC model is predicting an average total
energy excess of about 20% over that measured by the buoy for this period.

Wind SBeed

In seeking an explanation for the differences between the FNWC and EB-03

results, we examined the wind gpeed. which was e¢iven for both sets of data.
r s, we eXamined the wind gpeed, which was gilven ror Doth setg of cata,

e
The results shown in Fig. K-21 indicate quite poor agreement in wind speed,

On the basis of a preliminary version of thils report supplied to NDBO,
and other information, they have re-examined the wind data from EB-03 for March
and have discovered that there were problems with the anemometers and therefore
all wind data are unreliable.

It has also been learned that only after March 1975 has FNWC been correcting
all wind speeds to 19.5 m. This includes observations used in determining
the wind field and the values printed in the output with the spectral values.

Fig. K-22 shows that the wind directions agree for most cases within 30°.
This agreement can be considered fairly good,.

The following quotation from the Mariner's Weather Log* indicates that March
1975 was an exceptionally mild one in the Gulf of Alaska.

"More storms tracked into the eastern Bering Sea, and fewer
into the Gulf of Alaska, than normal. Higher-than~normal
pressure over extreme northern Canada diverted the storms
away from the Gulf of Alaska and further south along the
U.S. west coast."

This explains the low significant wave heights for this period. It is
unfortunate that it was not possible to compare the FNWC and EB-03 results for a
period when higher wave heights prevailed because it is these higher waves
that are of more significance in predicting ship responses.

*
Mariner's Weather Log, "Smooth Log, North Pacific Weather -~ March and April 1975,"
MWL, Vol. 19, No. 5, September 1975.
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APPENDIX L

PROPOSED BUOY SYSTEM FOR
WAVE MEASUREMENT OFF SOUTH AFRICA

by

Cdr. C.5. Niederman, U.S.C.G.
NOAA Data Buoy Office




Introduction

This appendix reviews, in brief, a proposal submitted by the NOAA Data
Buoy Office to the American Bureau of Shipping (ABS) during December 1975.
It represents the state~of-the-art in proven wave measurement capability from
a buoy reporting on a long-term basis in a severe ocean enviromment, A de-~
scription of the buoy system, its data output, costs, and schedule, are pre-
sented,

At the present time, June 1976, ABS is seeking additlonal monies from
shipping interests to assist them in funding such a buoy,

Quermdernmm Tho o el o de o uca
oVSLED UesgCriplloq

The system was designed to survive severe storms and strong currents
and to report wave conditions on a three~hour synoptic basis for a period of
at least a year, Thus it would be expected to report the severe seas off
the South African coast which have resulted in serious ship damage or loss,
The system was to consist of a 40-foot (l2-meter) diameter discus hull and a
battery powered payload which transmitted in the HF range by relay to a U.S.
shore communication station, Unfortunately, the location is bevond presently
available UHF satellite coverage, which is more reliable and less expensive
than the HF system, In addition to the wave measurement capability, wind
vector, air temperature and pressure measurements were proposed, since their
inclusion made little difference in cost and they would be parameters of
interest in relation to the recorded waves.

The proposed wave measurement system consists of a hull-mounted accel=-
erometer and a wave spectrum analyzer which filters the acceleration data
into twelve discrete frequency bands, which can be selected during assembly
to best describe the anticipated spectra. At the NOAA shore communication

it A e [y N . .‘I.l__‘l-.._.__..

5CS8) these inputs are couverted to twelve-polnt displacement specirw

The data at the S5CS are then available on a resl-time basis for use by
forecasters and ship routers and om an archival basis for use by naval architects.
The wave data available in the one~dimensional spectral form can be conver-
ted easily, if desired, to wave heights and periods.

The system proposed was selected from existing hardware wherever possible
to reduce production costs, The mooring costs were conservative since the
mooring line length and diameter were chosen to withatand a maximum Agulhas
Current profile, which occurs in deep water off the continental shelf. Costs
would be less for mooring over the continental shelf, where water is shallower
and currents are less strong. The payload, including the sensors, the data
processing and control unit, and the communications set were mostly on—hand
items. The communications were to be set up from Miami to the buoy on a direct



command link and from the buoy via Ascension Island and Patrick Air Force
Base on the data link., A tape recorder was included on the buoy to provide

a record of data that might be lost in transmission. Logistic costs were
based on one repair trip during the year. Transportation costs to South
Africa were not included since it was felt that tramsportation might be
available from a shipping bemeficiary of the prograum. Redundancy of the pay-
load was proposed as an option for added reliability, but the single-repair
trip cost was also retained, The costs were based on one year of operation

with a second year of operation proposed as an option for a redundant system,

Estimated costs, assuming the buoy to remain the property of the
Government, are given in table K-1.

Table K-1
WAVE MEASUREMENT BUOY COSTS

FIRST YEAR SECOND_YEAR
Single System Redundant System Redundant System

Payload & Spares,
Including Wave $ 33,000 $ 95,000** $ 4,000
Spectral Analyzer

Power Supply 2,000 4,000 4,000
Integration & Test 7,000 13,000
Tape Recorder 5,000 5,000
Hull Refurbishment 20,000 206,000
Mooring* (11,000 ft, in

Agulhas Current) 60,000 60,000
Communications &
Data Processing 23,000 23,000 5,000
Logistics (Deploy,
Repair, Recover) 25,000 25,000 11,000
On-Load & Off-Load
on Transport 20,000 20,000

TOTAL $195,000 $265,000 920,000 Additional

* Reduced to approximately $10,000 if moored on continental shelf at
600~foot depth.

** This is more than twice as expensive as the single system since the
first consists of parts on hand, while the second requires some oew
procurement,




Conclusion

It is believed that the system described here would be a feasible
method for obtaining reliable, long-term wave data for an ocean area for
which data are scarce, Furthermore, the spectra obtained would be consistent
with other data being collected in U. 5. coastal waters,

The cost does not seem high in relation to the value and quality of

data to be obtained and financial assistance may be obtained from the opera-
tors of ships regularly engaged in service around the Cape of Good Hope.

L-3
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